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A busca por energias alternativas e livres de carbono é imprescindível para o 
desenvolvimento sustentável, e o uso da energia solar aparece como uma alternativa 
promissora através de células fotoeletroquímicas. Para tirar o máximo proveito dessa 
abundante fonte de energia, foram desenvolvidos dispositivos que podem realizar a 
chamada "fotossíntese artificial", para converter energia solar em energia química na forma 
de moléculas de hidrogênio, H2. Neste sentido, esta tese descreve o uso de complexos de 
rutênio(II) e cobre(II) como catalisadores para a reação de oxidação da água. Em particular, 
são descritas a síntese e caracterização do complexo de rutênio mononuclear 
[Ru(H2dimpy)(bpy)OH2](PF6)2, que contém o ligante 2,6-bis(1H-imidazol-2-il)piridina 
(H2dimpy). Este ligante possui 2 prótons dissociáveis, cujas desprotonações ocorrem a partir 
de aproximadamente pH 9,5 (pKa1) e 11,3 (pKa2), causando uma grande queda no par redox 
RuIII/RuII de 885 mV de pH 1 a pH 13. Mesmo em meio ácido (pH = 1), quando os grupos 
imidazóis estão protonados, o complexo apresenta um baixo potencial para o par redox 
RuIII/RuII (0.61 V vs Ag/AgCl). Devido à alta complexidade do sistema que envolve múltiplas 
transferências de prótons e elétrons acoplados, além da oxidação do ligante, um complexo 
de rutênio análogo, [Ru(Me2dimpy)(bpy)OH2](PF6)2, foi preparado para auxiliar no 
entendimento do papel da desprotonação dos grupos imidazóis no comportamento 
eletroquímico e fotocatalítico. [Ru(Me2dimpy)(bpy)OH2](PF6)2 foi sintetizado utilizando o 
ligante 2,6-Bis(1-metil-1H-imidazol-2-il)piridina (Me2dimpy), preparado pela metilação do 
ligante H2dimpy. Resultados de fotocatálise em pH = 7 mostraram que o complexo 
contendo o ligante H2dimpy demonstra melhor desempenho fotocatalítico (TOF 7.09 s–1 e 
TON 10632) quando comparado ao complexo contendo o ligante mais elétron doador 
Me2dimpy (TOF 5.88 s–1 e TON 8616), nas condições otimizadas. Além disso, foram 
estudados complexos de cobre(II) contendo uma classe de ligantes 2-(1H-imidazol-2-
il)heteroaril. O uso de metais abundantes tais como cobre, ferro e níquel são cada vez mais 
atrativos, apresentando-se como alternativas que visam tornar factível a aplicação desses 
catalisadores do ponto de vista econômico. Aqui são mostrados os resultados preliminares 
para estes complexos de cobre com uma classe de ligantes que foi projetada para realizar 
um ajuste fino das propriedades eletrônicas e eletroquímicas, visando melhorar o 
desempenho catalítico. Um novo complexo, [(Himpa)Cu(OH2)2]2+, apresentou melhores 
resultados catalíticos em pH 12 quando comparado a estruturas análogas relatadas na 
literatura, com uma corrente catalítica “onset” de aproximadamente 1,3 V. Adicionalmente, 
novas informações sobre o sistema [(bpy)Cu(-OH)]22+ são reportadas. Nossos resultados 
sugerem que o acetato pode ter um papel importante na formação da espécie catalítica 
ativa, sendo esta informação valiosa para o planejamento da próxima geração de 
catalisadores a base de cobre. Por último, a síntese de nanopartículas de rutênio(0) 
incorporadas em TiO2 é descrita, assim como a síntese do composto orgânico 2-fenil-4-(1-
napftil)quinolínico triflato, QuPh+–NA(OTf–), que foi utilizado como fotossensitizador. O 
sistema RuNPs@TiO2 foi avaliado como catalisador na reação fotocatalítica de evolução de 
hidrogênio em pH = 7, utilizando o fotossensitizador QuPh+–NA, e mostrou boa resposta 























The search for alternative carbon-free energy is now imperative for sustainable 
development. The use of solar energy appears as one of the most promising alternatives 
through photoelectrochemical cells. To take full advantage of this abundant source of 
energy, devices that can perform the so-called “artificial photosynthesis” have been 
developed in order to convert solar energy into chemical energy in the form of hydrogen 
molecules, H2, which can be stored and transported. Motivated by this scenario, this thesis 
describes the use of molecular ruthenium(II) and copper(II) complexes as water oxidation 
catalysts (mol-WOC). In particular, this thesis first describes the synthesis and 
characterization of the mononuclear ruthenium complex [Ru(H2dimpy)(bpy)OH2](PF6)2, 
featuring the 2,6-bis(1H-imidazole-2-yl)pyridine (H2dimpy) ligand. This ligand has two 
dissociable protons, whose deprotonations occurs starting at approximately 9.5 (pKa1) and 
11.3 (pKa2), causing a large drop on the RuIII/RuII redox of 885 mV from pH 1 to pH 13. Even 
in acid media (pH = 1), when the imidazole groups are protonated, the complex shows a 
very low RuIII/RuII redox couple (0.61 V vs Ag/AgCl). Due to the high complexity of the 
system, involving multiple proton-coupled electron transfers and ligand oxidation, an 
analogous ruthenium complex, [Ru(Me2dimpy)(bpy)OH2](PF6)2, was prepared to help 
understanding the role of imidazole deprotonation on the electrochemical behavior and 
catalysis. Photocatalytic results towards water oxidation in pH = 7 showed that the complex 
possessing the H2dimpy ligand exhibits better photocatalytic performance (TOF 7.09 s–1 and 
TON 10632) when compared to the complex with the more electron-donating Me2dimpy 
ligand (TOF 5.88 s–1 and TON 8616) in optimal conditions. Furthermore, mononuclear 
copper complexes containing a class of 2-(1H-imidazole-2-yl)heteroaryl ligands were 
studied. The use of earth-abundant metals such as copper, iron, and nickel is currently of 
great interest in order to make the application of these catalysts economically viable. Herein 
are shown preliminary results of the copper complex with a class of ligands that were 
designed to perform fine adjustment of electronic and electrochemical properties, aiming 
the improvement of the catalytic performance. A new complex, [(Himpa)Cu(OH2)2]2+ 
showed better catalytic results in pH 12 when compared to analogous structures reported 
in the literature, with an onset catalytic current of c.a. 1.3 V. Furthermore, new insights on 
the [(bpy)Cu(-OH)]22+ system, that was first reported to work as a water oxidation catalyst 
in 2012, is reported. The results reveal that the acetate may play an important role in the 
active catalytic species, and it is expected that this information can be useful in the 
improvement of the [(bpy)Cu(-OH)]22+ system and in the synthesis of new Cu-based 
catalysts molecules. Additionally, the synthesis of ruthenium(0) nanoparticles (RuNPs) 
incorporated onto TiO2 is described, as well as the synthesis of the organic photosensitizer 
2-Phenyl-4-(1-naphthyl)quinolinium triflate, QuPh+–NA(OTf–). The RuNPs@TiO2 system 
using the QuPh+–NA metal-free photosensitizer and TEOA as a sacrificial electron donor 
was tested for photocatalytic hydrogen evolution reaction at pH = 7, showing good 
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General introduction and objective 
 
 
Reduce fossil fuel consumption is a global and urgent objective to decrease the 
environmental impact resulting from the CO2 generation and greenhouse gases. Moreover, 
the projections show an increase in energy consumption and indicate the possible 
exhaustion of these sources, which are not renewable.  
According to the World Energy Outlook 2018 report from the International Energy 
Agency,[1] the global emission of CO2 related to energy consumption rose to 33.1 Gt, 
corresponding to an 1.7% increase and a historic high. Knowing that the energy demand is 
expected to grow by more than 25% to 2040 and that fossil fuels are still the primary source 
of energy, the development of new energy supply is now of paramount importance. Large 
drops in CO2 emissions are now needed to reduce the impacts already caused and prevent 
further irreversible damages. Thus, the search for new sustainable, carbon-free, low-cost 
and renewable sources of energy is of great interest from a scientific, technological and 
environmental point of view.[2–4]  A very promising alternative is the use of hydrogen gas 
(H2) as a clean and sustainable fuel that can generate energy when combined with oxygen 
by combustion or in a fuel cell, where they are consumed having, in principle, only water as 
a by-product. In addition, H2 can be stored and transported conveniently and has a higher 
heating value of 142 MJ∙kg–1, three times higher than methane and gasoline.[5] These 
properties make hydrogen known as the “ultimate energy” or the ultimate solution from the 
sustainable point of view, the one that can meet the requirements for future energy. 
However, the use of H2 and O2 in fuel cells is currently controversial due to a large 
amount of energy spent to obtain H2 with a high degree of purity. The most common 
methods used today are: (i) the thermal decomposition of water, which requires extremely 
high temperatures (~2000 °C), (ii) electrolysis, which is extremely expensive and does not 
convert all the electrical energy used in chemical energy and, for this reason, represents 
only 5% of the amount of produced H2 and (iii) from natural gas, which is the main source 
of hydrogen produced worldwide, but may contain up to approximately 10% CO in its 
composition due to the method of production and also relies on the consumption of a non-
renewable source.[6,7]  
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Furthermore, the CO contamination is poisoning for the catalytic surface of the fuel 
cells, precluding the use of hydrogen gas obtained by steam reforming.[8] Hydrogen 
production is also economically interesting because H2 is largely used in chemical industries 
in the synthesis of acids, methanol, and ammonia through the Haber-Bosch process, being 
this, in fact, the main destination of the hydrogen produced in the world nowadays due to 
the high demand of ammonia in the preparation of fertilizers.[3,9] 
In this way, an increasing effort in research focused on separation of water into 
hydrogen and oxygen by fast and cheap methods is of great technological interest and also 
a hot topic within the scientific community.[10,11] 
 
1. WATER SPLITT ING  
 
The water splitting process using sunlight (Eq. 1) is efficiently performed by nature at 
the very complex photosystem II. However, the process made by nature is extremely difficult 
to mimic because of its highly complex mechanisms involving proteins and a Mn5CaO5 
cluster.[3]  
 
Equation 1:  2H2O + 4hv   2H2 + O2    
 
Equation 2:  2H2O    O2 + 4H+ + 4e−  E°= 1.23* V      
Equation 3:  4H+ + 4e−    2H2    E°= 0.00* V     
*E° vs NHE at 25 ºC; pH = 0, [H+] = 1.0 M. The standard potential varies with the pH following 
Nernst equation (-59 mV per pH unit), however the E between half-reactions will remain -1.23. 
 
In short, water splitting denotes to the breakdown of water into oxygen (O2) and 
hydrogen (H2). This term, however, cannot be confused with water oxidation, where the 
oxygen evolution reaction (OER) takes place and O2 is produced at the anode. The H2 
production takes place at the cathode via proton reduction, where the hydrogen evolution 
reaction (HER) occurs. 
 
1.1.Water oxidation: the bottleneck 
 
The water oxidation half-reaction (Eq. 2), which corresponds to the production of 
molecular oxygen, is an endergonic reaction (G° = 113.5 kcal∙mol–1  per mol of O2 
produced) considered the bottleneck of water splitting because it involves a complex 
mechanism, where the release of 4 protons and 4 electrons occurs. 
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In practice, a potential above 1.23 V is required for water oxidation due to the 
overpotential (ƞ). The overpotential of a given electrochemical process is defined as the 
additional energy from its standard potential, necessary to drive an electrochemical 
reaction.[8] The water oxidation step is a key reaction in this process since it produces the 
protons and electrons needed for the other half-reaction (Eq. 3), in addition to molecular 
oxygen. In alkaline and neutral solutions, the Eq. 4 better describes the oxidation reaction 
that leads to O2 production.[12] 
 
Equation 4: 4OH–  O2 + 2H2O + 4e− 
 
 Given the importance of this step, recent efforts are focused primarily on the oxidation 
half-reaction.[13,14] Therefore, numerous compounds were prepared to act as water 
oxidation catalysts (WOCs), among which we can mention coordination compounds and 
nanoparticles, mainly prepared using transition metals like iron, manganese, iridium, cobalt, 
copper, and ruthenium, as well as oxides of a number of metal centers, especially the state-
of-the-art water oxidation catalysts IrO2 and RuO2.[12,15]  
 
1.2.Hydrogen evolution reduction (HER) 
 
Although the OER is kinetically sluggish due to its PCET process, the hydrogen 
production on the cathode is not as simple and straightforward as it seems, mainly attributed 
to losses due to overpotential and the dependence on catalysts based on noble metals. To 
date, the best catalysts on the market are still based on expensive metals, and Pt remains 
the state-of-the-art HER catalyst.[16,17] The overpotential is owned to the mechanism of 
electrochemical hydrogen evolution reactions (Volmer – Heyrovsky / Tafel), that are 
dependent on the pH and electrode surface (for more detailed explanation of reaction 
mechanism see ref.[18]). Whilst Eq. 3 shows the reaction in acid media, the reaction process 
in alkaline media is described in Eq. 5. 
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1.3.Photocatalytic water splitting  
 
Besides being kinetically unfavorable, the oxidation of water is also unfavorable from 
the thermodynamic point of view.[15,19] Knowing that the action of catalysts is limited to the 
kinetic process and cannot change the thermodynamics, in the best-case scenario and in 
an ideal system, the energy spent for the H2 production would be the same as that obtained 
in fuel cells. To make it viable and energy-friendly, water splitting should ideally be driven 
by sunlight, which is the most abundant and safe source of energy. For this purpose, dye-
sensitized photoelectrochemical cells (DSPEC) for water splitting has been developed. These 
cells are similar dye-sensitized solar cell (DSSC) but instead of producing an electric current, 
in this case solar energy is converted to chemical energy in hydrogen molecules, H2, which 
can be stored and transported.[11,20] 
In 1972, Honda and Fujishima[21] published an important paper in which they reported 
the splitting of water in a simple photoelectrochemical cell (PEC), consisting in a TiO2 
photoanode excited by UV light where oxygen evolution (O2) was observed, and a platinum 
cathode where H2 production occurred, provided a small potential applied in an acid 
solution.[22] Since then, numerous efforts have been made to develop systems that use 
sunlight energy to perform water-split. 
In an ideal DSPEC, the hydrogen and oxygen are produced in a photocathode or 
photoanode, respectively, with appropriate energy bandgap for sunlight harvesting, along 
with chemical stability and good catalytic performance.[23] For research purposes, the most 
common strategy in the preparation of photoelectrochemical cells for water splitting uses 
three components: a photosensitizer (PS), a semiconductor (SC) and a catalyst (Cat).  
One simplified example of the operation of the cell, depicted in Fig. 1, consists on the 
absorption of sunlight by the photosensitizer (PS  PS*), which injects an electron in the 
conduction band (CB) of the semiconductor (PS*  PS+). The activation of the WOC is given 
through its oxidation by the PS+ (Cat + PS+  Cat+ + PS), starting the catalytic cycle of water 
oxidation, with the electrons and protons produced can be used for H2 production via 
proton exchange membrane in a closed circuit.[24] In addition to hydrogen production, the 
CO2 reduction is also feasible and can be coupled to the cell for methanol generation using 
the 4H+ and 4e– produced. The closed cycle is called artificial photosynthesis.[20] The 
semiconductor role can be performed by a sacrificial electron donor/acceptor (SED or SEA) 
depending on the catalyst for each reaction, named water oxidation catalyst (WOC) and a 
proton reduction catalyst (PRC).[25,26] 
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The overall photocatalytic process comprised in a DSPEC is a series of photophysical 
and electrochemical electron transfers, leading to an increasingly growing research field on 
tailored individual components (PRC, WOC, SED, PEM, PS, etc.) for specific applications, 
aiming to control the dynamics of electron transfer processes.[27,28] A detailed explanation 
of the components used in the photocatalytic experiments performed in this work is better 
described in each individual Chapter. 
 
 
Figure 1 –  Representation of a dye-sensitized photoelectrochemical cell (details in the text). 
 
 
Currently, the application of DSPECs was only carried out with few coordination 
compounds mainly due to their low stability when linked to the semiconductors/electrode 
and low stability of the photosensitizer used. In addition, the back-electron transfer process 
between different components of the system hampers the overall efficiency of the 
DSPEC.[19,20,25] Conversely, oxides are known for catalytic activity towards water oxidation 
and proton reduction combined with high stability but, in contrast, they do not present as 
many alternatives from the synthetic point of view when compared to molecular catalysts 
and the factors controlling the activity of metal oxides are not so well understood.[29] 
Therefore, more work is needed in this direction in order to unravel them and thus allow a 
rational design of better catalysts.[30]  
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The general objective of this thesis is to develop new catalysts that can promote either 
water oxidation or proton reduction. To do so, different approaches in both homogeneous 
and heterogeneous catalysis using ruthenium and copper were employed. In this way, the 
main goal is to prepare new materials envisage to shed light on the correlation of catalytic 
performance with the structural and electronic properties of the catalysts, in order to 
contribute to the current literature goal of pursuing high catalytic activity and stability, 




The thesis presented here is divided into three parts, briefly listed: (i ) study of the 
catalytic performance towards oxygen evolution reaction by a ruthenium mononuclear 
complex bearing an N-heterocyclic ligand with two ionizable protons and (i i ) extend the 
study on catalysts using N-heterocyclic ligands to copper(II) complexes. Lastly, (i i i ) the 
preparation of ruthenium metallic nanoparticles and the results of heterogeneous 
photocatalysis for hydrogen evolution reaction are described. The thesis is divided into five 
chapters, as listed and resumed bellow: 
 
In Chapter II, firstly a broader introduction on the historical aspects and the main 
contributions arising from the understanding of mechanical aspects of ruthenium molecular 
catalysts are described. Moreover, a short introduction to PCET reactions and the use of 
imidazole groups is also described, which are similarly important topics for Chapter III. Then, 
the synthesis and characterization of new ruthenium-based WOCs containing pyridinic-
imidazole ligands are described. The compounds presented here are part of a series of 
compounds containing N-heterocyclic ligands that have been the subject of study in the 
Artificial Photosynthesis Research Group, under the supervision of Professor Dr. Andre Luiz 
Barboza Formiga. This line of research contemplates a series of compounds systematically 
designed to study the relationship between -donor and -receptor ability of ligands on 
the electrochemical and spectroscopic properties of coordination compounds. The ultimate 
goal is to achieve a fine-tuning of these properties and hence improve catalytic performance 
via ligand design. To achieve this goal, our first objective was to overcome the synthetic 
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challenges in the preparation of this specific series of ruthenium complexes. For this reason, 
one of the main contributions of this Chapter was to find a suitable procedure for 
preparation of ruthenium(II) complexes, whose methods learned were latterly used by other 
members of the group. Besides synthesis and characterization of the ruthenium(II) 
complexes, the outcome of an in-depth study of the 2,6-bis(1H-imidazol-2-yl)pyridine 
ligand (H2dimpy) is also presented, motivated by its interesting electrochemical and acid-
base behavior, owed to the presence of two ionizable protons. Moreover, the photocatalytic 
activity of two synthesized ruthenium(II) complexes was tested in pH 7.  
 In Chapter III, results from preliminary works on copper(II) complexes and their ability 
to work as water oxidation catalysts are reported. Given the previous experience and the 
current interest in N-heterocyclic ligands by our group, the use of these ligands was 
extended to copper complexes. Moreover, the [(bpy)Cu(-OH)]22+ system was studied, due 
to its importance and ever-current relevance, despite its simplicity.  
In Chapter IV are presented the results from the activities carried out during the 
internship abroad, in the SelOxCat Group, coordinated by Prof. Dr. Xavier Sala Román, at 
the Autonomous University of Barcelona (UAB), Spain. For this reason, although the work is 
still related to water splitting, the approach used was different from the research work 
developed in Brazil, moving from homogeneous electro/photocatalysis using coordination 
compounds to heterogeneous photocatalysis using nanoparticles. Therefore, Chapter IV 
describes the synthesis of ruthenium(0) nanoparticles and the incorporation onto titanium 
dioxide, TiO2, in order to prepare a material to work as a catalyst for hydrogen evolution 
reaction. Additionally, the synthesis and purification of a previously reported organic 
photosensitizer have been improved in terms of yield, amounts of solvent and reaction time. 
The initial results for photocatalytic hydrogen production are presented, showing that the 
material presented good photocatalytic activity and stability. 
Finally, in Chapter V, the main conclusions and overall contribution for the group, 
arising from the results obtained in this Thesis are presented, along with the perspectives 








Ruthenium(II) complexes as water oxidation catalysts 
 
 




In 1982, Meyer et al. [31] reported the first molecular catalyst capable of oxidizing 
water, the dinuclear ruthenium complex cis,cis-[(bpy)2(H2O)RuIII(-O)RuIII(H2O)(bpy)2]4+ (bpy 
= bipyridine), known as blue-dimer (BD). It was believed that the oxido-bridging ligand (Fig. 
2-a) was essential for the catalytic activity [32] which was further corroborated by the work 
published in 1986 by Collin and Sauvage,[33] where the authors studied mononuclear 
ruthenium complexes and did not observe catalytic activity towards water oxidation. 
Even though it was a pioneering work, the faradaic efficiency of the BD was pretty low 
(c.a. 20%), due to the high reactivity of the oxido-bridging ligand. In 2004, Llobet and co-
workers [34] reported a dinuclear ruthenium complex inspired in the BD, bearing the anionic 
bridging ligand 3,5-bis-(2-pyridyl)pyrazolate (bpp–) replacing the oxido-bridging ligand. 
This complex showed improved stability when compared to BD, and also increased catalytic 
performance (80% faradaic efficiency) due to the rigid geometry of the bpp– bridging ligand 
and the close proximity of the two Ru-OH2 groups,[26] given to the geometry of the 
molecule with two meridional terpyridines (tpy) (Fig. 2-b). 
 
 
Figure 2 –  (a) Blue dimer and (b) in,in-{[RuII(tpy)(H2O)]2(-bpp)}3+.[31] 
 
 
Chapter  I I .  Ru then ium(I I )  complexes  29  
Until 2005, it was believed that at least two metal centers were required for the oxygen 
evolution reaction, when Thummel's Group reported [35] for the first time the oxidation of 
water using mononuclear ruthenium complexes of general formula trans-[Ru(naf)(4-R-
py)2(H2O)]2+ (Fig. 3-a), (naf = 4-tert-butyl-2,6-di(1’,8’-naphthyrid-2’-yl)pyridine). Following 
this work, in 2008 Meyer’s group reported the mononuclear complexes 
[Ru(tpy)(bpm)(OH2)]2+ (Fig. 3-b) and [Ru(tpy)(bpz)(OH2)]2+. The authors demonstrated the 
catalytic activity using electrochemical and UV-Vis studies and DFT calculations, being able 
to suggest a mechanism and first-order kinetics with respect to the catalyst.[36] 
 
 
Figure 3 –  (a) trans-[Ru(naf)(4-R-py)2(OH2)]2+ (adapted from [35]). (b) [Ru(tpy)(bpm)(OH2)]2+. 
 
The works published by Thummel and Meyer showed mutual points in the proposed 
mechanisms, such as the presence of species with high oxidation states (for instance RuIV or 
RuV) that make the oxygen atom of the Ru–O group highly electrophilic and susceptible to 
attack by water molecules.[37,38] Further studies have shown that the O–O bond formation 
is the rate-determining step of the mechanism, and it can occur through two different 
pathways: (i) The water nucleophilic attack (WNA) on a Ru=O unit in high oxidation state 
(Eq. 6) or (ii) the intra or intermolecular interaction of two Ru–O units (I2M, Eq. 7).[39–41] 
  
Equation 6: Ru(IV,V)=O + OH2   – H+ Ru–O–O–H 
Equation 7: 2 Ru(IV,V)–O   Ru–O–O–Ru 
 
Robustness and catalytic efficiency have in fact undergone considerable evolution over 
the last few years. Fig. 4-a correlates the evolution of TOF (log) within the years.[4] It can be 
noticed that after the works of Llobet, Thummel and Meyer (2004-2008), the turnover 
frequency (TOF) reported increased by more than four orders of magnitude, approaching 
the value of 400 s–1 observed by the oxygen evolution catalyst in photosystem II.  
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Likewise, after the important contributions of Llobet, Thummel and Meyer groups 
there was exponential growth in the number of publications related to ruthenium WOCs, as 




Figure 4  –  (a) Evolution of TOF (log) for ruthenium WOCs over the years (until 2014, adapted 
from Francàs et al.[4]) and (b) the number of publications containing the topics "ruthenium" and 
"water-split". Source: SciFinderWeb. 
 
Currently, a new class of ruthenium catalysts displays TOF that are orders of magnitude 
higher than the photosystem II. The development of this class of compounds followed the 
discovery by Licheng Sun’s group of a mononuclear ruthenium complex containing the 
tetradentate ligand 2,2'-bipyridine-6,6'-dicarboxylate (H2bda), that showed to be extremely 
efficient and robust catalysts for water oxidation.[42,43]  
The first Ru-based WOC of this class was reported in 2009 by Sun’s group [44] where 
the [RuII(bda-κ-N2O2)(pic)2] complex was obtained with a distorted octahedron, with the 
tetradentate bda2– ligand located in the equatorial position, while the axial positions were 
occupied by two 4-picoline (pic) ligands, as shown in Fig. 5-a. Determination of the crystal 
structure (Fig. 5-b) revealed that the O–Ru–O angle of 122.99° is much larger than the 90° 
expected for a regular octahedron. The authors have surprisingly and unprecedentedly 
succeeded in isolating and characterizing an intermediate of the active catalytic species of 
the water oxidation process. The heptacoordinated ruthenium complex [RuIV(bda-κ-
N2O2)(pic)2]2(O2H3)(PF6)3·2H2O (Fig. 6) was isolated and characterized by high-resolution 
mass spectrometry and single-crystal X-ray diffraction, showing that the HOHOH group 
works as a bridging ligand between the two ruthenium centers, with two OH– groups 
attached to each center, connected by proton between them (HO•••H•••OH). 
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Figure 5  –  (a) Structural formula and (b) crystal structure of [RuII(bda-κ-N2O2)(py)2]. Adapted 
from Duan et al.[44] 
 
The isolation of this intermediate was successful due to the stability of the high 
oxidation states of the metal center, attributed to the double negatively charged bda2– 
ligand. In addition, the coordination of a water molecule to the ruthenium metal center in 
the aqueous medium is favored by the O–Ru–O angle (122.99°) of the distorted octahedron, 
also credited to the geometry of the bda2– ligand. Meyer and Thummel had already 
suggested the existence of a heptacoordinated intermediate, however, with no evidence. 
 
 
Figure 6  –  Crystal structure of the intermediate (HOHOH)[RuIV(κ-N2O2)(pic)2]2(PF6)3·2H2O 
(counter ions are omitted). Adapted from Duan et al.[44] 
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Since then, the class of tetradentate anionic ligands has grown, and many derivatives 
of the H2bda ligand were synthesized, pursuing improvement in the catalytic performance. 
In particular, the ruthenium complex containing the ligand 2,2′:6′,2′′-terpyridine-6,6′′-
dicarboxylate (H2tda, Fig. 7) is the current state-of-the-art ruthenium-based WOCs, in terms 
of TOF. The [RuII(tda)(py)2], reported by Llobet and co-workers, also displays a 
heptacoordinated complex, [RuIV(OH)(tda-κ-N3O)(py)2]+, as the intermediate of the 
catalytically active species, and shows a remarkable TOF of 7,700 s–1 at pH 7 and 50,000 s–1 
at pH 10.[45,46] 
 
 
Figure 7  –  Seven-coordinated ruthenium complexes bearing tetradentate ligands. Adapted 
from Matheu et al.[45]  
 
Currently, one of the major problems is the dissociation or oxidation of the ligand, 
once they are easily decomposed in the harsh conditions needed for catalysis.[2,15] Thus, 
the challenge now consists of preparing fast and stable catalysts that can be commercially 
employed.[13] The complexes intended to be studied in this thesis were designed in order 
to contribute even more to the understanding of the reaction mechanisms and in the role 
of the auxiliary ligands in the catalytic activity. 
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1.2.Proton-coupled electron transfer 
 
As stated previously, proton-coupled electron transfer (PCET) are naturally present in 
nature through photosystem II (PSII), through the coupled reaction involving 4 electrons 
and 4 protons (as shown in Eq. 2, above in the text). PCETs are important not only in PSII 
but, on the contrary, they are ubiquitous in a variety of biological and chemical processes, 
and are obviously of great importance in catalysis as a vital process for the generation of 
stable intermediaries with high-valent metal centers. 
A PCET reactions can be defined as a general class of reactions in which an electron 
transfer (ET) is accompanied by a proton transfer (PT), and vice versa.[47] This class can be 
divided in terms of kinetics steps and orbital involved, as shown in Fig. 8. 
 
 
Figure 8  –  Classes of PCET reactions. 
 
In summary, PCET can be divided into 2 groups of reactions in kinetic terms: those 
that occur in two separated steps (ET-PT or PT-ET) and those that occur in a single step, 
called concerted proton-electron transfer (CPET). In the CPET class of reactions, proton and 
electron transfers occurs in a synchronized way, avoiding the formation of high energy 
intermediate species. In hydrogen atom transfer (HAT), the proton and the electron come 
from the same bond (H• transfer) while at MS-CPET the donor transfers electrons and 
protons to different acceptors or different donors transfers electrons and protons to a single 
electron-proton acceptor. For more details on this subject, see the revision by Huynh & 
Meyer (ref. [47]). The term “proton-coupled electron transfer” was presented by Meyer and 
co-workers in 1981, describing two successive proton and electron transfers in one step for 
[Ru(bpy)2(py)OH2]2+.[48] Using this same molecule, an elegant example of the effect of PCET 
on ruthenium complexes was described in the paper of Meyer & Huynh in 2003, as shown 
in Fig. 9.[49]  
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In this study, the authors compared the RuIII/RuII and RuIV/RuIII redox couples for 
[Ru(bpy)2Cl2] and [Ru(bpy)2(py)(OH2)]2+ in buffer pH = 7. For the RuIII/RuII redox couple, the 
oxidation potential was observed in 0.0 V for [Ru(bpy)2Cl2] and 0.67 V for 
[Ru(bpy)2(py)(OH2)]2+, what is expected and predictable given the negative charge of the 
chloride when compared to the pyridine and aquo neutral ligands. Interestingly, however, 
the RuIV/RuIII redox couple observed were 1.78 V for [Ru(bpy)2Cl2] and 0.78 V for 
[Ru(bpy)2(py)(OH2)]2+. This is attributed to successive 1H+/1e– transfers, showing how PCET 
reactions facilitate access to high oxidation states. 
 
 
Figure 9 –  Reported [49] oxidation potentials for [Ru(bpy)2Cl2] (red) and [Ru(bpy)2(py)(OH2)]2+ 
(blue). Adapted from Kamdar & Grotjahn.[42] 
 
Moreover, the RuIV/RuIII redox couple is even smaller for [Ru(bpy)(py)OH2]2+ in higher 
pHs, while for [Ru(bpy)Cl2] the potential should still be the same throughout the pH range. 
This shift of the potential as a dependency of the pH, observed in PCET reactions, is 
described by the Eq. 8, in which np and ne are the number of protons and electrons that are 
transferred at room temperature.[50] 
 
Equation 8: E = – 59mV × (np/ne) × pH 
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Concerted reactions (CPET) avoids high energy intermediates, being more 
interesting for catalysis and energy conversions. Although the concerted pathway is always 
attractive from the thermodynamic point of view, it may not be kinetically accessible. Ligand 
design is pivotal for molecular catalysis to overcome these kinetic barriers and make CPET 
reactions feasible.[51]  
 
1.3.PCET on imidazole groups 
 
Imidazole ligand and its derivatives are a class of molecules with great significance in 
bioinorganic chemistry, being incorporated in many biological molecules (e.g. the -amino-
acid histidine).[52] Likewise, imidazole is present in PCET reactions in biological systems, due 
to its acidic hydrogen from N–H moiety. Inspired by this, metal complexes bearing ligands 
containing imidazole groups were reported in the literature. However, they are mostly 
focused only on modulating the redox couple potential of different transition metals centers, 
such as Fe, Ru, Os, Mn, Co, and Ni.[53–58] For example, Carina et al.[53] reported the 
displacement of 1380 mV for the FeIII/FeII redox couple upon deprotonation of four 
imidazole moieties in the iron complex [Fe(H2dimpy)2]2+ (H2dimpy = 2,6-bis(1H-imidazol-2-
yl)pyridine). Even though there is a relatively high number of reports using imidazole in 
coordination compounds, there are only few studies focused on the study of PCET reactions 
screening the extension of the ligand deprotonation effects on the redox potential, which is 
quite surprising once it is known that PCET reactions are achievable on metal complexes 
containing dissociable protons bound to P, S, and N.[47,50,52,59–62] 
It is noteworthy the works of Meyer and collaborators using ligands containing 
imidazole groups for evaluation of ET, PT and PCET of [Fe(H2bim)3]2+ (H2bim = 2,2′-
biimidazole) in acetonitrile,[60] and HAT in [RuII(acac)2(Himpy)] (where acac = 2,4-
pentanedionato (acetylacetone) and Himpy = 2-(1H-imidazol-2-yl)-pyridine).[61] Moreover, 
Masaoka’s group reported a ruthenium(II) complex [RuII(tpy)(H2bim)OH2]2+ capable of 
undergoing four successive PCET reactions that leads to the formation of 
[RuIV(tpy)(bim)(O)]2+, also reporting the electro-oxidation of the H2bim ligand.[52] Finally, 
Haga’s group reported the use of the tridentate ligands 2,6-bis(benzimidazol-2-yl)pyridine 
(H2L) and the methylated derivate, 2,6-bis(1-methylbenzimidazol-2-yl)pyridine (Me2L), 
showing that all four protons are lost in the pH range of 2-10, leading to a displacement of 
over 1000 mV in the redox potential in acetonitrile-water (1:1),[62] however, without 
investigating the behavior of the complex with the methylated ligand and not conducting 
catalytic studies in aqueous media. The molecules from the reports mentioned are depicted 
on Fig. 10. 
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2. MOTIVATION AND SPECIFIC OBJECTIVES  
 
As presented, the study of ruthenium complexes significantly contributed to the 
development of mol-WOCs, as their unique electrochemical and spectroscopic properties 
ease the study of their reaction mechanism. This feature is attributed to the facile modulation 
of catalytic properties, that are more straightforward through auxiliary ligands, allowing an 
in-depth study of the mechanism in homogeneous catalysis. Motivated by this, Prof. Dr. 
Andre Formiga, head of the Artificial Photosynthesis Research Group conceived a series of 
molecules containing pyridinic-imidazole ligands to evaluate the influence of N–H on the 
electrochemical and spectroscopic properties and on the catalytic activity for water 
oxidation. As part of a research group project, this thesis aims the: 
 
- Development of a synthetic procedure to obtain the heteroleptic ruthenium(II) 
complexes containing imidazole-pyridinic ligands of general formula 
[Ru(NNN)(NN)Cl](PF6) and [Ru(NNN)(NN)OH2](PF6)2. Specifically, are described the 
synthesis of [Ru(H2dimpy)(bpy)OH2]2+ and [Ru(Me2dimpy)(bpy)OH2]2+ (Fig. 11),  bearing 
the tridentate ligand 2,6-bis(1H-imidazol-2-yl)pyridine (H2dimpy) and its methylated 
derivative (Me2dimpy). 
 
- Evaluation of the PCET reactions on the ruthenium complex 
[Ru(H2dimpy)(bpy)OH2]2+ and the effects deprotonation of the N–H moieties of the 
H2dimpy ligand on the redox couples and photocatalytic activity towards water oxidation, 
using the methylated complex [Ru(Me2dimpy)(bpy)OH2]2+ for comparative studies. 
 
 
Figure 11  –  (a) [Ru(H2dimpy)(bpy)OH2]2+ and  (b) [Ru(Me2dimpy)(bpy)OH2]2+. 
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2,6-pyridinecarbonitrile (97%), aminoacetaldehyde diethyl acetal (98%), iodomethane 
(MeI ≥ 99%), sodium methoxide (NaOMe 30 wt.% in methanol), sodium and potassium 
hydroxide pellets (NaOH and KOH ≥ 98%), potassium chloride and nitrate (KCl and KNO3 
≥ 99%), lithium chloride (LiCl 99.99%), ruthenium chloride trihydrate (RuCl3∙3H2O 99.98%), 
ammonium hexafluorophosphate (NH4PF6 99.99%), ascorbic acid (99%), silver nitrate 
(AgNO3 99%) and 2,2’-bipyridine (bpy ≥ 99%)  were purchased from Sigma-Aldrich. 
Hydrochloric acid solution (HCl(aq) 37%) was purchased from Merck, methanol (MeOH, 
HPLC-grade) from Tedia (Fairfield, OH, USA) and Ethanol (EtOH, Absolute ≥ 99%) from J.T. 
Baker. Glacial acetic acid (AcOH ≥ 99%), diethyl ether (Et2O ≥ 99%), dichloromethane (DCM, 
CH2Cl2), chloroform (CHCl3), acetone (> 98%) and dimethylformamide (DMF > 98%) were 
purchased from LabSynth, Brazil. All reactants and solvents were used as received without 





2,6-bis(1H-imidazol-2-yl)pyridine (H2dimpy): The synthesis was performed following 
procedures described in the literature, with minor modifications.[63,64] In a round bottom 
flask of 100 mL, 2.582 g (20 mmol) of 2,6-pyridinecarbonitrile, 25 mL of methanol and 0.915 
mL of a 30% methanolic solution of sodium methoxide (4 mmol, 0.2 eq.) were added and 
left under stirring for 2 hours at room temperature. Then, 5.935 mL of aminoacetaldehyde 
diethyl acetal (40 mmol, 2 eq.) and 2.313 mL of glacial acetic acid (40 mmol, 2 eq.) were 
added to the solution dropwise, followed by stirring for 1 hour and a half at 50 °C. After 
cooling the resulting solution at room temperature, 20 mL of methanol and 10 mL of 
aqueous hydrochloric acid solution (HCl 6 mol∙L–1) were added and the reaction was left 
under stirring and reflux for 10 hours. Volatiles were then removed on the rotary evaporator 
and the residue was dissolved in 50 mL of H2O. The resulting aqueous solution was washed 
3 times with 50 mL of Et2O using a separatory funnel and the organic layer discarded. To 
the resulting aqueous layer, an additional 50 mL of H2O was added and the pH was adjusted 
to approximately 9 with the addition of aqueous NaOH 2 mol∙L–1, leading to the precipitation 
of a white solid. The obtained white solid was filtered and washed with 3×25 mL diethyl 
ether (Et2O) and the product dried under reduced pressure at 100 ºC for 3 hours. Then, the 
resulting product was suspended in 50 mL of Et2O and sonicated for 10 minutes, followed 
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by filtration and washed again with Et2O (10×10 mL). These steps are necessary to remove 
the precursor 2,6-pyridinecarbonitrile, which is soluble in Et2O. The final product was then 
macerated and dried under reduced pressure overnight to afford a light yellow solid with a 
yield of 78% (3.29 g). Elem. Anal. (CHN) for C11H9N5: % = calculated: C, 62.55; H, 4.29; N, 
33.16; found: C, 62.69; H 4.57; N, 33.07. Crystallization: Single crystals suitable for diffraction 
analysis were obtained by slow recrystallization from a methanol:water (3:1) solution for 
H2dimpy and a methanol:HCl 0.1 mol∙L–1 (9:1) solution for H3dimpyCl, by dissolving 10 mg of 
H2dimpy in 5 mL of the corresponding mixture and placing in a 10 mL vial with a perforated 
lid with a needle at room temperature for 5 days, when the crystals were collected. 
 
2,6-bis((N-methyl)imidazol-2-yl)pyridine (Me2dimpy): The synthesis was performed 
following a procedure described in the literature, with minor modifications.[64] In a round 
bottom flask of 500 mL, 1.269 g (6 mmol) of H2dimpy was dissolved in 175 mL of acetone, 
followed by addition of 1.683 g of KOH (30 mmol, 5 eq.) and left under stirring for 30 minutes 
at room temperature. Then, 1.980 mL (30 mmol, 5 eq.) of methyl iodide (MeI) was added 
dropwise and carefully to the stirring mixture and left in vigorous stirring at room 
temperature for 8 hours. At the end of the reaction, 120 mL of aqueous NaOH 2 mol∙L–1 was 
added and the product was extracted from the organic phase with 3×180 mL of 
dichloromethane CH2Cl2. Finally, the organic phase was removed in the rotary evaporator, 
resulting in a yellowish oil that was dried under reduced pressure at 100 ºC for 3 hours. The 
final vitreous product was recovered as a powder through mechanical scratching, with a 
yield of 85% (1.230 g).  
 
3.3.Synthesis of ruthenium complexes 
 
[RuI I I (H2dimpy)Cl3]: The synthesis was performed following the procedure described 
by Hashiguchi et al.[65] with minor modifications. In a 250 mL round flask, 700 mg (2.67 
mmol) of ruthenium(III) chloride (RuCl3∙3H2O) and 113 mg (2.67 mmol, 1 eq.) of lithium 
chloride (LiCl) were dissolved using 100 mL of ethanol as solvent. The solution was then 
stirred for approximately 10 minutes at 50 °C under nitrogen atmosphere, followed by the 
slow and dropwise addition of 50 mL of an ethanolic solution containing 518 mg (2.45 mmol, 
0.9 eq.) of the H2dimpy ligand in the reaction flask. Here, it is important that the addition of 
the ligand should be done slowly, using dilute solutions and with a small excess of RuCl3 on 
the reaction vessel, to prevent the formation of [Ru(H2dimpy)2]2+. LiCl is used for similar 
reasons. The mixture was left reacting with vigorous stirring and refluxing in a nitrogen 
atmosphere for 7 hours and 15 minutes (determined by ratio of the absorption bands on 
the UV-Vis spectra). In the beginning, the solution on the reaction flask had a brown color 
that became dark green at the end, with the formation of a light green solid after filtration. 
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The obtained green solid was washed with ethanol until the solution come out clean (to 
remove RuCl3 excess), followed by washing with 3×10 mL of HCl 1M (to remove the H2dimpy 
ligand, that is soluble when protonated), then 3×10 mL of water:ethanol (1:2), and finally 
washed with 5×10 mL of Et2O. The green solid was dried under reduced pressure for 2 hours 
at 100 ºC, then macerated and taken again to reduced pressure at 50 ºC for 8 hours. The 
overall yield for 6 syntheses was about 80%. Elem. Anal. (CHN) for RuCl3C11H9N5: % = 
calculated: C, 31.56; H, 2.17; N, 16.73; found: C, 31.17; H 2.12; N, 16.08. Crystallization: Single 
crystals were obtained from the slow evaporation of the mother liquor. 
 
[RuI I (H2dimpy)(bpy)Cl](PF6): The ruthenium chlorido complex was synthesized by 
adding 232 mg (0.55 mmol) of the ruthenium precursor [RuIII(H2dimpy)Cl3] in a 100 mL flask 
followed by the addition of 86 mg of bipyridine (0.55 mmol, 1 eq.) and 58 mL of DMF. The 
mixture was heated up to 150 °C with vigorous stirring for 2 hours and 15 minutes 
(determined by the ratio of the absorption bands on the UV-Vis spectra). Then the solution 
was filtered and the filtrate dried in a rotary evaporator, redissolved in 20 mL of methanol 
and taken again to the rotary evaporator until completely dried. This step is important to 
remove any traces of DMF that remains trapped on the solid and can be repeated more 
times if necessary. Finally, the dried solid on the flask was dissolved in 6 mL of methanol, 
resulting in a concentrated methanolic solution that was added dropwise to an NH4+PF6– 
aqueous solution (prepared by dissolving 370 mg of NH4PF6 in 20 mL of water). Although 
partial precipitation occurred instantaneously, the recipient was left covered in the 
refrigerator for 12 hours to give a dark red solid. The obtained solid was washed with HCl 
1M (2×5 mL), water (2×3 mL), cold ethanol (2×1 mL) and 30 mL of diethyl ether. Yield = 
76% (273 mg). The crude product was further purified by column chromatography using 
silica gel as stationary phase and 1:10 methanol:dichloromethane (MeOH:CH2Cl2) as mobile 
phase, resulting in the pure product. Yield (after column) = 40% (144 mg). Elem. Anal. (CHN) 
for RuClC21H17N7PF6: % = calculated: C, 38.87; H, 2.56; N, 15.87; found: C, 38.71; H 2.56; N, 
15.23. Crystallization: Single crystals were obtained by dissolving the final pure product in 
acetone (concentration of approximately 5 x 10–3 mol∙L–1) allowed to slowly evaporate in a 
vial with a perforated lid with a needle at room temperature. 
 
 [RuI I (H2dimpy)(bpy)OH2](PF6)2: The ruthenium aquo complex was obtained by 
reacting to the chlorido complex with 1.2 equivalent of AgNO3. 110 mg of [RuII(H2dimpy) 
(bpy)Cl](PF6) was dissolved in 60 mL of acetone in an amber flask and left stirring at 50 ºC 
under nitrogen atmosphere for about 10 minutes (until completely dissolved). Then, 35 mg 
of AgNO3 dissolved in 2 mL of water was added dropwise to the stirring solution and allowed 
to react under nitrogen atmosphere for 5 hours. In the end, the silver chloride (AgCl) was 
filtered using syringe filters. To the filtrate, an aqueous solution of ascorbic acid (3 mg in 15 
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mL of MiliQ water) was added and stirred for 1 hour at room temperature. This step is 
important to reduce the Ag+ ions remaining in solution to Ag0 that were again filtered off 
using syringe filters. Finally, the resulting solution was heated up to 56 ºC until completely 
evaporation of acetone, resulting in approximately 15 mL of aqueous solution. Saturated 
aqueous NH4PF6 solution (1.5 g in 2.5 mL of MiliQ water) was added to the resulting solution, 
leading to immediate precipitation. The recipient was left covered in the refrigerator for 12 
hours to give a brown solid that was filtered and washed with 6 mL of MiliQ water at 0 ºC. 
Yield = 60% (79 mg). Elem. Anal. (CHN) for [Ru(H2dimpy)(bpy)OH2](PF6)2∙2H2O 
(RuO3C21H23N7P2F12): % = calculated: C, 31.04; H, 2.85; N, 11.66; found: C, 30.94; H 2.71; N, 
12.07.  Crystallization: Single crystals were obtained by adding a few drops of methanol (to 
prevent fast precipitation) and 1 g of NH4PF6 to the final filtrate, that was left in the 
refrigerator for 1 week.  
 
[RuI I I (Me2dimpy)Cl3]: The same procedure as described for [RuIII(H2dimpy)Cl3] was 
followed, using 315 mg of RuCl3∙3H2O (1.2 mmol), 250 mg of LiCl (6 mmol, 5eq.) and 260 
mg of Me2dimpy (1.08 mmol, 0.9 eq.) with an Yield of 87% (426 mg). 
 
[RuI I (Me2dimpy)(bpy)Cl](PF6): A similar procedure as described for [RuII(H2dimpy) 
(bpy)Cl](PF6) was followed. 417 mg (0.93 mmol) of the ruthenium precursor 
[RuIII(Me2dimpy)Cl3] was added in a 250 mL flask followed by the addition of 95 mg of LiCl 
(2.3 mmol; 2.5 eq.), 146 mg of bipyridine (0.93 mmol, 1 eq.) and 100 mL of DMF. In this case, 
3 mg of ascorbic acid was added before starting the reflux. The mixture was then heated up 
to 150 °C with vigorous stirring for 4 hours. Then the solution was then filtered hot and the 
filtrate dried in a rotary evaporator until removal of DMF. The remaining solids were 
redissolved in 12 mL of a methanol:water (8:4) mixture, that was added dropwise to an 
NH4+PF6– aqueous solution (prepared by dissolving 1 g of NH4PF6 in 15 mL of water). The 
recipient was left covered in the refrigerator for 12 hours to give a dark reddish solid that 
was washed only with cold water to remove the NH4PF6 salt. Yield = 80% (322 mg). The 
crude product was further purified by column chromatography using silica gel as stationary 
phase and 1:5 methanol:chloroform (MeOH:CHCl3) as mobile phase, resulting in the pure 
product. Yield (after column) = 30% (121 mg). Crystallization: Single crystals were obtained 
allowing the slow evaporation of chloroform from the product collected from the column, 
in a vial with a perforated lid with a needle at room temperature. 
  
[RuI I (Me2dimpy)(bpy)OH2](PF6)2: A similar procedure as described for [RuII(H2dimpy) 
(bpy)OH2](PF6)2 was followed. Prior to reacting with AgNO3, the complex was dissolved in 
acetone and stirred with Zn powder (5 eq.) for 10 minutes, in order to reduce any Ru(III) 
species. The Zn was filtered off and the reaction proceeded normally. Yield = 53%. 
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Figure 12  –  Simplified synthetic route for the synthesis of Ru(II) complexes. 
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3.4.Characterization apparatus 
 
Nuclear magnetic resonance (1H) spectra were obtained in appropriate deuterated 
solvents on a Bruker Avance III spectrometer - 400 MHz (9.39T) and 500 MHz (11.7T). The 
1H-1H COSY (correlation spectroscopy) spectrum was acquired with a 5319.1 Hz (13.29 ppm) 
processing spectral width in both dimensions using 2048×256 points and processed using 
4096×1024 points. 
High-resolution (HR) electrospray ionization (ESI) mass spectrometry (MS) was 
performed on a Waters Xevo QToF mass spectrometer in the positive ion (+) mode and in 
the mass range of m/z 100–1000, under the following experimental conditions: capillary 
potential 3.5 kV; sampling cone 30.0 V; extraction cone 2.4 V; source temperature 120 ºC; 
desolvation temperature 150 ºC; cone gas flow 2.0 L∙h–1; collision energy 6 V; and detector 
voltage 2100 V. The data recorded was processed using the software MassLynx V4.1 (Waters 
Inc., 2015).  
 UV-Vis spectra were obtained using a Bel UV-M51 spectrophotometer with tungsten 
and deuterium lamps (190-1100 nm) with detection by photodiodes, performed in quartz 
cuvettes with an optical path length of 10.00 mm. Carbon, hydrogen, and nitrogen (CHN) 
composition was determined by elemental analysis, carried out in a Perkin Elmer 2400 
micro-analyzer model using a mass sample of about 2 mg. X-ray diffractions were made in 
a Bruker Kappa APEX II Duo diffractometer using MoKα or CuKα radiation.  
Electrochemical measurements were performed on a Metrohm Autolab PGSTAT12 
potentiostat, using a glassy carbon (3 mm diameter) working electrode, a three-electrode 
cell consisting of, Ag/AgCl 3M or Calomel (SCE) as a reference electrode and Pt wire auxiliary 
electrode. For evaluation of the dependence of oxidation potential (Eox) as a function of pH 
(Pourbaix diagram), an aqueous 0.1 mol∙L–1 Britton-Robinson (B-R) buffer solution was used 
as an electrolyte and the pH was changed with the addition of NaOH and HCl or HNO3, 
with an analyte concentration of 1.0×10–3 mol∙L–1. The working electrode was pre-polished 
with 0.1, 0.05 and 0.03 micron alumina paste and washed with water:ethanol (1:1). 
The pKa determination of H2dimpy was performed by pH-potentiometric titration. The 
procedure consisted in the preparation of aqueous solutions (with 20% of methanol) of 
H2dimpy 0.0075 mol∙L–1 (32 mg in 20 mL of MilliQ water, initial pH = 7.5) which were titrated 
against previously standardized solutions of HCl (0.089 mol∙L–1) and NaOH (0.092 mol∙L–1). 
Two titrations were performed with the addition of the acid and base with a micropipette 
(Eppendorf Research), and the pH change was registered after each addition of 10 L. MilliQ 
water was boiled prior preparation of all solutions used. The pH variation was monitored 
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using a pH meter Lab 827 from Metrohm with 0.01 resolution. The calibration was always 
done before measurements with buffer solutions (purchased from Labsynth) of pH 4.0, 7.0 
and 10.0 at 25 °C ± 0.5 °C. For spectrophotometric pKa determination, 100 mL of H2dimpy 
3.5×10–5 mol∙L–1 in aqueous solution (5% methanol) was prepared as a stock solution. To 
make sure that the concentration of H2dimpy would be constant through all the 
measurements, 25 mL of HCl 0.05 mol∙L–1 and NaOH 0.05 mol∙L–1 were prepared using the 
stock solution. Two titrations were performed with the addition of the acid and base 
solutions with a micropipette, recording a spectrum after each addition and pH change. 
For spectroelectrochemical measurement, the Metrohm Autolab PGSTAT12 
potentiostat was used with a diode array HP Agilent 8453 spectrophotometer that can work 
in the 190–1100 nm range and record two spectra per second. The working electrode, in this 
case, was a platinum grid electrode, with a standard calomel electrode (SCE) as a reference 
electrode, a Pt wire as an auxiliary electrode and with a 1mm optical path length for the 
electrochemical cell. A 3.5×10–4 mol∙L–1 solution of H2dimpy was prepared using 0.1 mol∙L–1 




Density Functional Theory (DFT) calculations were performed with the B3LYP 
functional [66,67] and the def2-TZVP basis set [68] for all atoms using ORCA software 
(release 4.0.1).[69] The effect of water as an implicit solvent was assessed by using the C-
PCM [70] method with the standard implementation in the software. This choice of 
functional, basis set and implicit solvation is well known to give reliable results for 
protonation and tautomeric equilibria in solution and it has been used over the years by our 
group.[71–74] In all calculations, the RIJCOSX approximation [75] and auxiliary functions [76] 
were employed with convergence criteria of 1.0×10−8 Eh for the energies and 1.0×10−4 Eh/a0 
for the gradients in geometry optimizations. All geometries were confirmed as minima 
through the calculation of the Hessians.  
DFT results were used to obtain theoretical pKa and oxidation potentials using 
thermodynamic cycles as previously established.[77] In brief, pKa values were calculated with 
an isodesmic strategy using formate/formic acid as the standard experimental pKa value in 
comparison with a series of N-heterocycles with known pKa values. From these calculations, 
a calibration curve was obtained from which the theoretical pKa values for all protonation 
states of H2dimpy were calculated. Using another thermodynamic cycle, the oxidation 
potentials for H2dimpy in all protonation states were calculated, using –4.281 V as the energy 
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of the free electron referenced to the absolute standard hydrogen electrode (SHE) in 
water.[78] These DFT predicted potentials were further shifted by 0.241 V to be in the same 
scale of the experimental results (versus saturated calomel electrode, SCE).  
The isodesmic strategy was used in the calculation of pKa values, in which a reference 
acid/base equilibrium is used in order to avoid the direct calculation of the absolute proton 
solvation energy using the following equations: 
 







Formate/formic acid was selected as the reference together with several N-
heterocyclic compounds in order to establish the calibration curve. Results are shown in 
Table 1 and Fig. 13. 
 
Table 1 – Selected experimental and theoretical pKa values for the calibration curve. 
Molecule Experimental Theoretical 






pyrazine 0.6 -2.59 
pyrimidine 1.3 -1.47 






4-Br-imidazole 3.7 -0.20 
pyridine 5.2 3.72 
benzimidazole 5.4 3.18 
imidazole 6.9 5.01 
4-CH3-imidazole 7.45 6.43 
2-CH3-imidazole 7.75 6.27 
H4dimpy2+ — 0.43 
H3dimpy+ — 2.41 
H2dimpy — 16.51 
H4dimpy3+ — -14.71 
H3dimpy2+ — -2.72 
H2dimpy+ — 1.64 
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In order to calculate reduction potentials, we have used the following equations: 
 
BH+(aq) + e⁻ → BH(aq) 
 









Figure 13 – Theoretical versus experimental pKa values for selected N-heterocyclic molecules. 
 
4. RESULTS AND DISCUSSION 
 
In this section, the results from the synthesis and characterization of H2dimpy ligand 
and ruthenium(II) complexes containing this ligand are presented at first. As one of the 
objectives of this work is to develop a synthetic procedure to obtain the heteroleptic 
ruthenium(II) complexes containing imidazole-pyridinic ligands, the synthetic aspects and 
characterization will be discussed with further details.  
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For Me2dimpy ligand and its derivatives, the results from characterization are presented 
in brief to avoid repetition, moving directly to the electrochemical characterization and 
photocatalytic results. The content of the subtopic “4.1. H2dimpy Characterization” is an 
adaptation of the published paper entitled “Analysis of solvent-accessible voids and proton-
coupled electron transfer of 2,6-bis(1H-imidazol-2-yl)pyridine and its hydrochloride”, by 
Renan B. Guerra, Luis S. C. Huamaní, Juan C. Tenorio, Willian M. Guimarães, Juliano A. 
Bonacin and Andre Luiz Barboza Formiga, in Acta Crystallographica C75 2019 
ht tps ://doi .org/10 .1107/S20532296190 11951 , reprinted with permission from IUCr – 
International Union of Crystallography©, 2019, as shown in Appendix 1.  
 
4.1.H2dimpy ligand characterization 
 
The 1H-NMR spectrum of H2dimpy shown in Fig. 14 is constituted by 5 signals from 
the 9 hydrogens present in the molecule, being 4 pairs of hydrogens chemically equivalent 
as a consequence of the symmetry of the ligand. The amount of water on the deuterated 
results in different 1H-NMR peak attributions as a consequence of a faster exchange of the 
acid protons and the imidazole nitrogens. The values found here are in agreement with data 
previously reported.[57,63,64,79,80] Further characterization details (COSY, UV-Vis, DSC, 
Emission spectra, FTIR, etc.) are not shown in this thesis and can be found in the published 
paper (ref. [81]). 
 
 
Figure 14  –  1H-NMR spectrum of H2dimpy in DMSO-d6 at 400 MHz. 
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4.1.1. Crystal structure 
 
Single-crystal X-ray diffraction results confirmed the expected structure. Both crystal 
structures of the neutral and monoprotonated forms were obtained successfully, as shown 
in Fig. 15. The crystals showed water molecules from the solvent in the structure, and the 
crystallographic data is presented in Table 2. Besides the chloride anion present on 
H3dimpy+Cl–, that matches with a +1 charged ligand. The protonation on the N2 of the 
imidazole portion on H2dimpy was suggested based on the bond angles C1−N1−C3 and 
C2−N2−C3 showing values of 109.25(5)° and 108.88(5)° respectively, longer than the ones 
observed in the other imidazole ring, whose angles C9−N4−C10 and C9−N5−C11 are 
107.48(6)° and 104.93(5)° respectively, closer to the ones found in the neutral H2dimpy 
molecule (C1−N1−C3 = 108.04(18)° and C2−N2−C3 = 104.86(18)°). 
 
 
Figure 15 –  ORTEP-models of: (a) H2dimpy and (b) H3dimpyCl. Displacement ellipsoids are 
drawn at 50% probability level. 
 
Additionally, the molecular conformation of H3dimpy+Cl− presents a more planar 
conformation than H2dimpy, wherein the dihedral angles of the least-square mean planes 
of the pyridine and imidazole rings are 2.456° and 0.798°, respectively. Therefore, 
protonation in one of the imidazole rings leads to an increase in the planarity of the structure 
when compared to the neutral compound. Similar behavior was observed upon 
coordination to ruthenium centers. Chemical bonds C3−C4 and C8−C9 that link the pyridine 
and imidazole rings show similar distance values (1.460(2) Å and 1.463(2) Å) to the ones 
observed in H2dimpy, but with a slight asymmetry between them. The asymmetry between 
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4.1.2. pKa determination and electrochemical properties 
 
The presence of two imidazole groups suggests that a bisprotonated species may exist 
but attempts to isolate a crystal structure were unsuccessful, neither by using stoichiometric 
mixtures of the sample and hydrochloric acid nor with acid in excess, with and without 
methanol addition. In order to understand possible reasons for the lack of success, we have 
performed solution studies aiming at the determination of the species in equilibrium in 
several conditions of pH. The potentiometric titration was performed following routine 
methods and the addition of methanol was necessary to avoid precipitation at alkaline 
conditions. Using the results from the titration curve (Fig. 16-a), only one change can be 
noticed on the acid part, suggesting a single protonation event. However, a close analysis 
in the acid titration (Fig. 16-b) reveals a buffer region in the 3-6 pH range, an unusual value 
since a standard buffer region usually spreads by only 1 pH unit around the pKa. Moreover, 
the stoichiometry of the reaction confirms two equivalents of HCl at the final point, 
reinforcing that protonation of both imidazole groups was taking place, suggesting that two 
protonations were taking place with very close pKa, thus making impossible the 
determination of their values by means of the first and second derivatives method.[82]  
Molecular formula C11H9N5·3H2O·[+solvent] C11H10N5+∙Cl−·3H2O 
Formula weight 265.28 301.74 
Space group P3221 P21/c 
Crystal system Trigonal Monoclinic 
a (Å) 18.6043 (5) 6.6577 (5) 
b (Å) 18.6043 (5) 22.6308 (16) 
c (Å) 3.9112 (1) 9.7566 (7) 
 (°) 120 90 
 (°) 120 103.845 (3) 
 (°) 120 90 
Volume (Å3) 1172.38 (7) 1427.31 (18) 
Z 3 4 
T (K) 150 K 150 K 
calc (g cm-3) 1.127 1.404 
F (000) 420 632 
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Figure 16  –  (a) pH-potentiometric titration curves of H2dimpy (1.5×10–4 mol∙L–1) in aqueous 
solution (20% methanol), showing the results from two titrations: one with the addition of HCl 
0.089 mol∙L–1 (red) and another one with the addition of NaOH 0.092 mol∙L–1 (blue). (b) pH-
potentiometric titration of H2dimpy (1.5×10–4 mol∙L–1) with HCl 0.089 mol∙L–1. 
 
In order to determine the experimental values, we simulated the profile of the 
potentiometric titration curve using CurtiPlot 4.3.0 software,[83] resulting in a very good 
fitting of the experimental data with two protonation equilibria, as shown in Fig. 17. The pKa 
values found were 5.40 for the 1st protonation (pKa1) and 3.98 for the 2nd protonation (pKa2). 
No changes at lower pH (between pH 1-3) were observed and no indication of 
deprotonation of H2dimpy was observed in basic media. The pKa value of the pyridine group 
is probably negative and thus not observed in our experiments, similar to the deprotonation 
of H2dimpy and formation of Hdimpy– that is expected to occur at pH above 14.  
The pKa values of the similar molecule 2-(1H-imidazol-2-yl)-pyridine (Himpy) have 
been reported by Eilbeck & Holmes.[84] For Himpy, the authors found a pKa value of 5.47 
for the protonation of the imidazole group, also determined by potentiometric titration, in 
very close agreement with the first pKa value found in this study. These authors also 
estimated the pKa2 at approximately –0.7 by UV-Vis spectroscopy, which corresponds to the 
second protonation of the molecule in the pyridine portion. The potentiometric titration 
results were also confirmed by UV-Vis spectrophotometric titration Fig. 18.  
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Figure 17  –  Theoretical (blue) and experimental (black) potentiometric titration of H2dimpy. 
The theoretical curve was simulated using CurtiPlot 4.3.0 software. 
 
 
Figure 18  –  UV-vis absorption spectra in an aqueous solution (5% methanol) of H2dimpy 
(3.5×10–5 mol∙L–1) during spectrophotometric titration at (a) pH 6.48–4.44 and (b) pH 5.02–3.06. 
 
The changes in the absorbance during the spectrophotometric titration shows that 
upon the first protonation the max of the π–π* transitions at 276 nm shifts 
hypsochromically with no changes on the extinction coefficient, while in the second 
protonation the hypsochromic shift is accompanied by an increase of 18% in the extinction 
coefficient. Using the pKa values found, the speciation (α) was calculated as shown in Fig. 19. 
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Figure 19  –  Calculated speciation diagram based upon pKa values showing the pH dependence 
on the equilibrium concentration of [H4dimpy2+], [H3dimpy+] and [H2dimpy]. 
 
With the information acquired from the crystal structure and pKa data, the 
electrochemical behavior of these species was investigated. This information is of great 
importance, particularly in catalysis, where the protonation/deprotonation of the ligand can 
change the electronic density over the metal center and is particularly important in proton-
coupled electron transfer reactions.[52] The cyclic voltammogram of H2dimpy in pH 5.5 is 
shown in Fig. 20, where an irreversible oxidation process that starts at ca. 993 mV with an 
anodic peak observed at 1.12 V is assigned to the oxidation of H2dimpy. Similar 
electrochemical behavior has been reported for other imidazole-containing ligands.[85–87] 
 
 
Figure 20 –  Cyclic voltammogram (CV) of H2dimpy (1 mM) in water 4:1 methanol (pH 5.57, 0.1 
mol∙L–1 KNO3) at 100 mV∙s–1. 
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The oxidation potential (Eox) of H2dimpy is highly dependent on the pH and cyclic 
voltammograms (CVs) and different pulse voltammograms (DPVs) were employed to 
examine this behavior. A deeper analysis at the DPV showed possibly two oxidation peaks, 
whereas the CV shows a very broad peak, assigned here to two oxidation processes, one 
for each individual imidazole. Similar results were previously reported for molecules 
containing two imidazole groups.[52,88] Taking into consideration the speciation with the 
previously determined pKa values, CVs obtained in pH in which the species H2dimpy, 
H3dimpy+ and H4dimpy2+ predominate are shown in Fig. 21-a, where a change in the 




Figure 21 –  (a) CVs at pHs 2.10 (solid line, predominant species H4dimpy2+); 4.80 (dashed line, 
predominant species H3dimpy+) and 10.10 (dotted line, predominant species H2dimpy). (b) DPVs 
under different pHs. Inset: Dependence of oxidation potential (Eox) as a function of pH. 
Conditions: H2dimpy (1 mM) at 100 mV∙s–1 in aqueous 0.1 mol∙L–1 B-R buffer. 
 
Both CVs and DPVs show similar results, as a shift of Eox to lower potentials is observed 
when the pH is increased. Upon the first and second protonation, the observed slope at Eox 
dependence per pH unit also changes, and close to a second protonation, only one 
oxidation peak is observed. Electrochemical measurements varying small units of pH were 
performed in Britton-Robinson buffer as an attempt to plot a Pourbaix-like diagram and 
DPVs under different pH conditions are shown in Fig. 21-b. Due to the irreversible behavior 
caused by decomposition, no equilibrium between the oxidized-reduced species exists so 
that the inset graph in Fig. 21-b only shows the dependence on the Eox with the pH and no 
conclusion can be drawn by the slopes using the Nernst equation on the number of the 
electrons and protons involved. 
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A deeper electrochemical study is very hard to achieve for this system, since 2 protons 
and 2 electrons transfer processes on the H2dimpy molecule gives rise to 9 different species 
with different oxidation states and protonation sites (Fig. 22), considering only the oxidation 
process in acid media. When all the four protons and four-electron oxidation and reduction 
process are considered, twenty-five independent species arise,[52,88] showing the 
complexity of this system due to the rich proton-coupled electrochemistry of the system.  
 
 
Figure 22  –  Square diagram for proton transfer (vertical) and electron transfer (horizontal) 
for H2dimpy. 2 protons and 2 electrons transfer processes gives rise to 9 different species. 
 
The irreversible electrochemical behavior was first thought to be related to the 
decomposition of the molecule upon oxidation, since if the formation of different species 
occurred (e.g. via N–H substitution, dimerization, etc. after deprotonation) a new oxidation 
peak should appear in a simple cycling experiment, which was not observed. However, this 
new species could not be electrochemically active in these conditions, which led to further 
investigate this oxidation process using spectroelectrochemical experiments. The results 
confirmed the decomposition of H2dimpy, with no new bands being observed in the spectra 
upon oxidation. Instead, only the vanishing of the absorbance from π–π* bands can be 
noticed in both acid (Fig. 23) and basic media, suggesting that the decomposition is taking 
place with oxidation.  
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Figure 23 –  Spectroelectrochemical measurement showing the UV-vis absorption spectra 
response during the first 60 seconds of controlled potential electrolysis at 1.3 V (vs SCE) of 
H2dimpy (3.5×10–4 M) in aqueous solution (pH 2.33, 0.1 M KCl). 
 
The DFT calculated pKa values gives 4.7 and 3.3 for pKa1 and pKa2, respectively, in very 
good agreement with the experimental ones. Theoretical results also show that the 
protonation of the pyridine ring would happen with theoretical pKa –10.9 and deprotonation 
of one imidazole ring (yielding Hdimpy⁻) would have a pKa of 14.7, supporting our previous 
interpretation of experimental results. 
As it is expected, deprotonation decreases the reduction potential, in very good 
agreement with the experimental results. For example, the peak potential at pH 7 in the 
experimental CV is observed at 1.015 V and is predicted by DFT at 1.18 V. If one considers 
the effect of the oxidation in the pKa values, this also corroborates the experimental data 
since oxidation decreases the pKa values by several pH units. The DFT theoretical pKa for the 
oxidized species H4•dimpy3+, H3•dimpy2+, and H2•dimpy+ were –7.4, 1.1 and 4.2 respectively. 
Together with the theoretical reduction potentials, this confirms that the very complex pH-
dependence of the oxidation potential is due to the rich proton-coupled electrochemistry 
of the system. 
The combination of electrochemical, spectroelectrochemical and theoretical results 
suggests that the overall electrochemical behavior of this molecule can be explained by a 
mechanism with successive proton-coupled electron transfer reactions, protonation 
equilibria and coupled chemical reactions. 
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4.2.Me2dimpy ligand characterization 
 
The 1H-NMR spectrum of Me2dimpy is shown in Fig. 24, in agreement with previously 
published synthesis.[64] When compared to the 1H-NMR of H2dimpy, the main differences 
are the absence of a singlet at 12.67 ppm that integrates to 2H, corresponding to the N–H 
protons and the appearance of a singlet at 4.06 ppm that integrates to 6H from the two N–
CH3 moiety. Me2dimpy also shows two irreversible oxidation processes attributed to the 
oxidation of both imidazole groups. The CV in pH 6 (Fig. 25) shows two anodic peaks at 
0.63 and 0.78 V, that are assigned to the oxidation of Me2dimpy.  
 
 
Figure 24  –  1H-NMR spectrum of Me2dimpy in DMSO-d6 at 400 MHz. 
 
 
Figure 25 –  CV at pH 6.5 of Me2dimpy (1 mM) at 100 mV∙s–1 in 0.1 mol∙L–1 B-R buffer. 
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4.3.Characterization of [Ru III(H2dimpy)Cl3]  
 
Trichloro(2,6-bis(1H-imidazol-2-yl)pyridine)ruthenium(III) complex, [RuIII(H2dimpy)Cl3], 
was obtained as a dark green solid, slightly soluble in ethanol, water and acetonitrile, fairly 
soluble in methanol and totally soluble in DMSO and DMF. This complex was used as the 
precursor in the synthesis of heteroleptic complexes. The synthesis was monitored by UV-
Vis spectroscopy (Fig. 26-a) and showed that the complex begins to be formed after 2 and 
a half hours at reflux, however, the best yield and purity were obtained with 7 hours of reflux.  
The UV-Vis spectra of H2dimpy ligand and the ruthenium(III) complex are shown in 
Fig. 26-b, where one can notice that the bands at 277 and 318 nm are attributed to  → *  
transitions of the ligand due to the presence of aromatic rings in the structure. Three new 
MLCT bands at 344, 371 and 458 nm appears after coordination. 
 
 
Figure 26 –  UV-Vis spectra: (a) During the synthesis of [RuIII(H2dimpy)Cl3] complex and (b) 
comparison between the H2dimpy ligand and the [RuIII(H2dimpy)Cl3] after being isolated. All the 
spectra were taken in ethanol as solvent. 
 
 The MLCT bands in the UV-Vis spectrum of the complex are displaced in different 
solvents as shown in Fig. 27-a. The largest shifts were observed in acetonitrile, which is 
possibly explained due to chloride labilization with the coordination of a solvent molecule, 
resulting in [RuIII(H2dimpy)(CH3CN)Cl2], whose formation was also observed in the results of 
mass spectrometry. In Fig. 27-b, spectra taken at different concentrations are shown, which 
were used in the calculation of the molar absorptivity (ε). The molar absorptivity values 
found for the [RuIII(H2dimpy)Cl3] in methanol were: max / nm (ε / dm3∙mol–1∙cm–1): 284 
(14100), 315 (9535), 344 (7880), 372 (4860) e 458 (1215).  
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Figure 27  –  UV-Vis spectra of [RuIII(H2dimpy)Cl3] complex in (a) different solvents and (b) 
different concentrations (using methanol as solvent). 
 
 The 1H-NMR spectrum of [RuIII(H2dimpy)Cl3] was obtained in deuterated DMSO and 
it is shown in Fig. 28. Due to the paramagnetic nature of the ruthenium(III), it can be noticed 
that the spectrum shows broad bands from which little information can be extracted. The 




Figure 28 –  1H-NMR spectrum in DMSO-d6 (500 MHz) of [RuIII(H2dimpy)Cl3]. 
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1H-NMR spectroscopy was also performed with the addition of zinc powder to the 
complex in deuterated DMSO, as described in the literature by Hashigushi et al.[65] With 
the addition of Zn powder, the reduction of Ru(III) to Ru(II) occurs, resulting in a diamagnetic 
complex (d6). The 1H-NMR spectrum of [RuII(H2dimpy)Cl3] is shown in Fig. 29 and the 




Figure 29 –  1H-NMR spectrum in DMSO-d6 (500 MHz) of [RuII(H2dimpy)Cl3] with Zn powder. 
  
 










[Ru(H2dimpy)Cl3] DMSO-d6 13.88 s (br) 2H ‒ 
  8.07 t 1H 7.5 
  7.98 d 2H 7.3 
  7.53 s 2H ‒ 
  7.47 s 2H ‒ 
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 High-resolution electrospray ionization mass spectroscopy (HR-ESI-(+)-MS) of the 
complex was performed in acetonitrile, and the spectrum in Fig. 30 shows one peak at m/z 
= 423.9494 which is attributed to [RuIII(H2dimpy)Cl2(CH3CN)]+, formed by the substitution of 
one chloride by CH3CN (calculated 423.9541; 11 ppm error). Another less intense peak at 
m/z = 382.9256 is attributed to the [RuIII(H2dimpy)Cl2]+ (calculated 382.9275; 5 ppm error). 
 
 
Figure 30 –  High-resolution ESI-(+)-MS of [RuIII(H2dimpy)Cl3] in acetonitrile. 
 
 Brown single-crystals suitable for X-ray diffraction analysis were collected from the 
mother liquor and confirmed the expected structure (Fig. 31). The crystallographic data is 
presented in Table 4. Bond distances between the nitrogen and metal atoms of the 
imidazoles, Ru—N(1) and Ru—N(4), are approximately 2.06 Å, slightly longer when 
compared to bond distance between the metal and the pyridine nitrogen, Ru—N(3), which 
has a 1.98 Å bond length. Bond lengths of approximately 2.34 Å for Ru–Cl(3) and Ru—Cl(2) 
are slightly smaller than the Ru—Cl(1) bond length, between the metal and the chloride in 
the trans position with respect to the pyridine nitrogen, which is 2.40 Å. 
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Figure 31  –  ORTEP representation of [RuIII(H2dimpy)Cl3]. Ellipsoids at 50% probability. 
  
   




Molecular formula 2(RuC11H9Cl3N5), 2(OH), 3(H2O) 
Formula weight 925.37 
Space group P-1 
Crystal system Triclinic  
a (Å) 7.7809 (12) 
b (Å) 13.901 (2) 
c (Å) 16.051 (3) 
 (°) 71.502 (4) 
 (°) 77.880 (4) 
 (°) 86.619 (4) 
Volume (Å3) 1609.7 (5) 
Z 2 
T (K) 150 K 
calc (g cm-3) 1.909 
F (000) 916 
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4.4.Characterization of [Ru II(H2dimpy)(bpy)Cl](PF6)  
 
4.4.1. Synthesis and UV-Vis spectroscopy 
 
The complex was obtained as a dark red solid, slightly soluble in water and ethanol, 
soluble in methanol, dichloromethane, acetonitrile and acetone and very soluble in DMSO 
and DMF. The synthesis of the complex was monitored by UV-Vis spectroscopy (Fig. 32-a) 
and showed that the complex begins to form after 30 min at reflux in DMF, and the reaction 
is completed after 2 hours and 15 min, measured by the ratio between the bands.  
Fig. 32-b shows a comparison of the UV-Vis spectra in DMF. The electronic spectra of 
the heteroleptic complex show two bands at 415 and 488 nm relate to metal-to-ligand 
transitions (MLCT) from the (Ru)d6 orbitals to * of the H2dimpy and bpy ligands. The 
transition is slightly hypsochromically shifted when compared to the analogous 




Figure 32 –  UV-Vis spectra: (a) During the synthesis of [RuII(H2dimpy)(bpy)Cl](PF6) and (b) 
comparison between the bpy ligand, the precursor [RuIII(H2dimpy)Cl3] and the complex after the 
end of the reaction. All the spectra were taken in DMF as a solvent. 
 
The MLCT bands in the UV-Vis spectrum of the complex are displaced due to 
solvatochromism effects, as shown in Fig. 33-a. The largest shifts were observed in water, 
which is possibly explained due to chloride labilization, followed by the coordination of a 
water molecule, resulting in the aquo complex [RuII(H2dimpy)(bpy)OH2]2+.  
In fact, the chloride in this complex is so labile that the calculation of molar absorptivity 
(ε) was performed in dry methanol saturated with LiCl, once any water content in the solvent 
can shift the bands to higher wavelengths in the absence of a source of Cl– in solution. The 
lability of the chloride is of great interest to generate new more reactive species. 
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The molar absorptivity values found for the [RuII(H2dimpy)(bpy)Cl](PF6) complex in 
methanol were: max / nm (ε / dm3∙mol-1∙cm-1): 203 (24 840), 244 (17 050), 291 (31 810), 317 
(13 860), 331 (17 540), 415 (4 950) and 488 (6 765). In Fig. 33-b the UV-Vis spectra are shown 
at different concentrations, used in the calculation of the molar absorptivity. 
 
 
Figure 33 –  UV-Vis spectra of [RuII(H2dimpy)(bpy)Cl](PF6) in (a) different solvents and (b) 
different concentrations (using methanol saturated with LiCl). 
  
The 1H-NMR spectrum of [RuII(H2dimpy)(bpy)Cl]+ obtained directly from the synthesis 
showed some impurities, as shown in Fig. 34 (top). The purification of the complex was 
achieved by column chromatography with methanol:dichloromethane (1:10) as the mobile 
phase and silica gel as the stationary phase, resulting in the clean 1H-NMR spectrum shown 
in Fig. 34 (bottom). Similar results were obtained only by recrystallization with ethanol:diethyl 
ether (1:4) without the need for further purification by column chromatography. 
 
 
Figure 34 –  Column chromatography used in the purification of [RuII(H2dimpy)(bpy)Cl](PF6) 
and the 1H-NMR spectra before and after column chromatography. 
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4.4.2. 1H-NMR spectroscopy, COSY, and HR-ESI-(+)-MS 
 
The 1H-NMR spectrum and correlation spectra (COSY) of the pure complex are shown 
in Fig. 35. All of the resonances displayed could be unambiguously assigned based on their 
multiplicity, J-coupling, and integrals (resumed in Table 5) and the 2D spectra. The 
hydrogens of the pyridine moiety in the H2dimpy ligand appeared as a multiplet (3H). The 
imidazole protons appear as two singlets, H1/H9 and H2/H8, in 6.43 and 7.47 ppm, 
respectively, and the hydrogens bonded to the imidazole nitrogen were observed in 14.14 
ppm.  
In the 2D spectra it is possible to confirm these assignments, once the coupling of the 
hydrogen bonded to the imidazole nitrogen (A) with the H1/H9 (L) is smaller than the 
coupling with the more deshielded hydrogens H4/H5/H6 (F). The hydrogens of the 
bipyridine ligand are all inequivalent, with integration values of 1H. Knowing that the 
hydrogens in the trans position to the H2dimpy moiety are more deshielded and appear in 
higher chemical shifts than the ones trans to chloride, the assignments can be done 
unambiguously just with the values of J-coupling and the multiplicity. 
 
 




















(A) H3 / H7 14.14 s (br) 2H — 
(B) H10 10.20 d 1H 4.52 
(C) H13 8.78 d 1H 7.92 
(D) H14 8.52 d 1H 7.92 
(E) H12 8.20 t 1H 7.68 
(F) H4 / H5 / H6 8.12 m 3H — 
(G) H11 7.91 t 1H 6.00 
(H) H15 7.66 t 1H 7.22 
(I) H2 / H8 7.47 s 2H — 
(J) H17 7.26 d 1H 4.84 
(K) H16 7.06 t 1H 6.08 
(L) H1 / H9 6.43 s 2H — 
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Figure 35 – 1H-NMR/COSY spectrum in DMSO-d6 (400 MHz) of [RuII(H2dimpy)(bpy)Cl](PF6). 
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High-resolution electrospray ionization mass spectroscopy (HR-ESI-(+)-MS) of the 
complex was performed in methanol:water, shown in Fig. 36. 
 
 
Figure 36 –  High-resolution ESI-(+)-MS of [Ru(H2dimpy)(bpy)Cl](PF6) in MeOH:H2O. 
 
4.5.Characterization of [Ru II(H2dimpy)(bpy)OH2](PF6)2 
 
The lability of the chloride ligand in the [RuII(H2dimpy)(bpy)Cl]+ complex was further 
studied and it was found that the chloride is readily replaced when dissolved in water or 
acetonitrile, reaching an equilibrium between the species. This was observed by UV-Vis 
spectroscopy as shown in Fig. 37, where the shift of the MLCT bands to lower wavelengths 
can be observed due to the ligand exchange. The hypsochromic shift is in agreement with 
the relative stabilization of the (Ru)d6 orbital levels giving rise to more energetic electronic 
transitions. 
Given the chloride lability, attempts were made to isolate the [Ru II(H2dimpy) 
(bpy)OH2](PF6)2, due to the great interest on its electrocatalytic properties. Ruthenium 
complexes containing the Ru–OH2 moiety can undergo successive proton-coupled electron 
transfers (PCET) reactions that may result in the access of higher oxidation states, with the 
possible formation of RuIV=O or RuV=O moieties which are responsible for the catalytic 
process.[33] Attempts to isolate the pure aquo complex from the reaction of the chlorido 
complex with silver nitrate were unsuccessful using water, ethanol, and methanol as solvents.  
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Figure 37 –  UV-Vis spectra in different solvents: Water (blue), methanol saturated with LiCl 
(red) and acetonitrile (green). Inset: MLCT changes due to chloride exchange. 
 
[RuII(H2dimpy)(bpy)OH2](PF6)2 was obtained by reacting 1.2 equivalents of AgNO3 in 
acetone with a minimum amount of water. Larger amounts of protic solvents shift the E½ 
for RuIII/RuII redox couple, resulting in the formation of solid Ag0 and the oxidized 
[RuI I I (H2dimpy)(bpy)Cl]2+. The aquo complex was obtained as a brown solid, with a 
hypsochromic shift observed when compared to the chlorido complex (Fig. 38). Molar 
absorptivity values found for [RuII(H2dimpy)(bpy)OH2](PF6)2 in water were: max / nm (ε / 
dm3∙mol–1∙cm–1): 242 (15425), 289 (29850), 329 (16310), 400 (4667) and 465 (6111).  
 
 
Figure 38 –  UV-Vis spectra of chlorido and aquo Ru(II) complexes with H2dimpy in water. 
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The aquo complex was also characterized by means of 1H-NMR and HR-ESI-(+)-MS. 
The same peaks, multiplicity, and J-coupling showed for chlorido complex were observed 
in the 1H-NMR spectrum of [RuII(H2dimpy)(bpy)OH2](PF6)2, with an overall displacement of 
the peaks to higher  and a new peak in 5.45 ppm that is attributed to the hydrogens of the 
coordinated water (singlet, 2H), as shown in Fig. 39. The base peak on the HR-ESI-(+)-MS 
in 234.5251 m/z was attributed [RuII(H2dimpy)(bpy)]2+ (Fig. 40). In all other peaks, the relative 
abundance was less than 50% and no peak with a +1 charge was observed, suggesting the 
absence of chloride.  
 
 
Figure 39 –  1H-NMR of chlorido and aquo Ru(II) complexes with H2dimpy in DMSO-d6. 
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Figure 40  –  High-resolution ESI-(+)-MS of [RuII(H2dimpy)(bpy)OH2](PF6)2 in MeOH:H2O (1:1). 
 
4.6.[Ru I I(H2dimpy)(bpy)Cl](PF6) and [Ru II(H2dimpy)(bpy)OH2](PF6)2                                
crystal structure 
 
Orange crystals of [RuII(H2dimpy)(bpy)Cl](PF6) were obtained by slow evaporation in 
acetone while reddish crystals of [RuII(H2dimpy)(bpy)OH2](PF6)2 were obtained from slow 
precipitation in an aqueous solution left in the refrigerator for 1 week. The results are 
presented in Fig. 41 and Table 6.  
 
Table 6 –  Crystallographic data from single-crystal XRD analysis for [RuII(H2dimpy)(bpy)Cl](PF6) 
and [RuII(H2dimpy)(bpy)OH2](PF6)2. 
 
Molecular formula RuClC21H17N7, PF6, C3H6O 2(RuC21H19N7O), 4(PF6), 2(CH3OH), 3(H2O) 
Formula weight 706.98 1671.02 
Space group P21/n P-1 
Crystal system Triclinic  Triclinic  
a (Å) 8.0779(6) 9.5544(5) 
b (Å) 23.8622(16) 11.8371(5) 
c (Å) 14.4181(9) 14.4593(6) 
 (°) 90 86.364(2) 
 (°) 103.398(1) 71.686(2) 
 (°) 90 74.849(2) 
Volume (Å3) 2703.5(3) 1498.19(12) 
Z 4 1 
T (K) 150 K 150 K 
calc (g cm-3) 1.737 1.852 
F (000) 1416.0 834.0 
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Figure 41 –  Crystal structures of (a) [RuII(H2dimpy)(bpy)Cl](PF6) and (b) 
[RuII(H2dimpy)(bpy)OH2](PF6)2. Ellipsoids are at 50% probability. Counter-ion and solvent 
molecules were omitted for clarity. 
  
 The crystal structure confirms the expected structure. Solvent molecules present in 
the crystals were omitted along with the counter ions for better clarity. Important to note, 
however, that the aquo complex has two PF6 molecules in its structure, as expected for a 
complex with 2+ charge. For the chlorido complex, a molecule of acetone is present in the 
structure, whereas for the aquo complex two water molecules and one methanol molecule 
were found in the asymmetric unit. 
Both complexes showed a strong distorted octahedral configuration which can be 
observed by the angle of 154.4(1)° for the N4–Ru–N2 bond in the chlorido complex and 
157.1(2)° for the N2-Ru-N3 bond for the aquo, which is far from the 180° expected for a 
perfect octahedral. The bond distances between the metal and nitrogen atoms of the 
imidazoles, Ru–N(2,4) and Ru–N(2,3), are approximately 2.06 Å, which are slightly longer 
when compared to bond distance between the metal and the pyridine nitrogen, Ru—N(1), 
which has a 2.00 Å bond length. The bond lengths of Ru—N(bpy) are also longer in the 
aquo complex when compared to those reported to [RuII(tpy)(bpy)OH2]2+.[52] 
The bond distances between the metal center and the atoms in the octahedron 
coordinating sphere are displayed in Table 7 and were compared with those reported in the 
literature for the analogous ruthenium complexes, shown in Fig. 42. 
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Figure 42 –  Structures of mononuclear Ru(II) complexes: (a) [RuII(H2dimpy)(bpy)X]n+ (this work), 
(b) [RuII(tpy)(bpy)X]n+ and (c) [RuII(tpy)(H2dim)X]n+, where X = Cl– or OH2. The comparisons 
between the bond distances in single-crystals of these molecules are shown in Table 7. 
 
More importantly, the bond lengths of Ru(1)—Cl(1) and Ru(1)—O(1) are much longer 
than the ones reported for [Ru(tpy)(bpy)X]n+ (where X = Cl– or H2O). This is an indicative of 
the stronger electron donation ability of the H2dimpy ligand when compared to terpyridine. 
The values obtained are even a bit longer when compared to [Ru(tpy)(H2dim)X]n+, which 
has the same number of pyridine and imidazole moieties in its structure. 
 
Table 7 –  Crystallographic data of selected bond distances from the single-crystal XRD of the 
chlorido [RuII(H2dimpy)(bpy)Cl](PF6) and aquo [RuII(H2dimpy)(bpy)OH2)](PF6)2 complexes 
obtained in this work and literature comparison. 
(a)this work, (b)ref.[89], (c)ref.[52] and (d) ref.[90]. 
 
 BOND DISTANCE  (Å)  
Chlorido [Ru(H2dimpy)(bpy)Cl]+(a) [Ru(tpy)(bpy)Cl]+(b) [Ru(tpy)(H2dim)Cl]+(d) 
Ru1-Cl1 2.421 (1) 2.413 (3) 2.416 (1) 
Ru1-N6 2.023 (3) 2.041 (10) 2.069 (3) 
Ru1-N1 1.996 (3) 1.943 (10) 1.936 (3) 
Ru1-N7 2.065 (3) 2.053 (11) 2.104 (4) 
Ru1-N4 2.079 (3) 2.070 (11) 2.055 (3) 
Ru1-N2 2.070 (3) 2.079 (10) 2.051 (3) 
Aquo [Ru(H2dimpy)(bpy)OH2]2+(a) [Ru(tpy)(bpy)OH2]2+(c) [Ru(tpy)(H2dim)OH2]2+(d) 
Ru1-O1 2.148 (6) 2.097 (5) 2.143 (3) 
Ru1-N6 1.999 (8) 1.969 (6) 2.041 (3) 
Ru1-N1 2.012 (6) 1.909 (6) 1.940 (3) 
Ru1-N7 2.065 (6) 1.991 (6) 2.113 (3) 
Ru1-N2 2.072 (5) 2.020 (6) 2.053 (4) 
Ru1-N3 2.050 (5) 2.010 (6) 2.076 (4) 
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4.7.Synthesis and characterization of [Ru II(Me2dimpy)(bpy)OH2](PF6)2  
 
To obtain the analogous complex, [RuII(Me2dimpy)(bpy)OH2](PF6)2, the precursors 
[Ru(Me2dimpy)Cl3] and [Ru(Me2dimpy)(bpy)Cl](PF6) were synthesized and characterized.  
The 1H-NMR and HR-ESI-(+)-MS spectra of [RuIII(Me2dimpy)Cl3] are shown in Fig. 43 
and Fig. 44. 1H-NMR spectroscopy was also performed with the addition of zinc powder to 
[RuIII(Me2dimpy)Cl3] in deuterated DMSO. High-resolution electrospray ionization mass 
spectroscopy spectrum shows one peak at m/z = 411.0391 which is attributed to 
[RuIII(Me2dimpy)Cl2]+, formed by the chloride labilization (calc. 410.9624; error of 187 ppm). 
  
 
Figure 43 –  1H-NMR spectrum in DMSO-d6 (500 MHz) of [RuIII(Me2dimpy)Cl3] with Zn powder. 
 
From the precursor, the synthesis of [RuII(Me2dimpy)(bpy)Cl](PF6) was performed. In this 
case, the addition of ascorbic acid was necessary, and the reaction time was longer than the 
one observed for [RuII(H2dimpy)(bpy)Cl](PF6). This is probably caused by the stabilization of 
the Ru(III) oxidation state by the more electron-donating Me2dimpy ligand.  
A comparison between the MLCT bands on the UV-vis spectra (Fig. 45) of both chlorido 
complexes, [RuII(H2dimpy)(bpy)Cl](PF6) and [RuII(Me2dimpy)(bpy)Cl](PF6), is an indication of 
the difference in the energy of the * orbitals of the ligands. 
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Figure 45  –  UV-Vis spectra of chlorido Ru(II) complexes with H2dimpy and Me2dimpy. 
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The purification of the complex was successfully achieved by column chromatography 
using methanol:chloroform (1:10) as the mobile phase, resulting in the clean 1H-NMR spectra 
shown in Fig. 46. All of the resonances displayed could be unambiguously assigned based 
on their multiplicity, J-coupling, and integrals (resumed in Table 8). 
 
 
Figure 46 –  1H-NMR spectrum in DMSO-d6 (400 MHz) of [RuII(Me2dimpy)(bpy)Cl](PF6). 
 
















Hydrogen δ (ppm) Multiplicity Integration J (Hz) 
H8 10.16 d 1H 4.2 
H11 8.77 d 1H 7.75 
H12 8.51 d 1H 7.6 
H3 / H4 / H5 8.19 m 3H ‒ 
H10 8.02 t 1H 7.35 
H9 7.91 t 1H 5.98 
H13 7.68 t 1H 7.12 
H2 / H6 7.41 s 2H ‒ 
H15 7.27 d 1H 4.4 
H14 7.08 t 1H 5.92 
H1 / H7 6.36 s 2H ‒ 
Hmethyl 4.25 s 6H ‒  
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Orange crystals of [RuI I I (Me2dimpy)(bpy)Cl](PF6)2∙CHCl3 were obtained by slow 
evaporation of chloroform of the solution collected from the column, confirming the 
expected structure, as shown in Fig. 47. Interestingly, the oxidation state of the metal center 
is Ru(III), which is easily noticed by the two PF6– counterions and the chloride Cl– anion 
coordinated, in agreement with the +3 charge of the metal center. Moreover, the 2.313 Å 
length for Ru(1)–Cl(1) is considerably shorter than the ones observed for Ru(II) complexes, 
and are closer to other RuI I I –Cl lengths reported in the literature.[90] Comparison of the 
Ru–Cl length with the parent molecule [RuII(H2dimpy)(bpy)Cl]+ (2.421 Å) also corroborates 
with the proposed structure. Considering the more electron-donating character of 
Me2dimpy over H2dimpy, the Ru–Cl length for a RuI I  complex in [Ru(Me2dimpy)(bpy)Cl]+ 
was expected to be longer than the one observed for [Ru(H2dimpy)(bpy)Cl]+.[91] The 
oxidation of the ruthenium center in [Ru(Me2dimpy)(bpy)Cl]+ occurs when exposed to air 
for more than a few hours, and was also observed in the 1H-NMR and UV-Vis spectra, when 
a measurement done shortly after preparation of the sample resulted in the disappearance 
of the MLCT on the UV-Vis spectrum and broad peaks characteristics of paramagnetic 
species on the 1H-NMR.  
 
 
Figure 47 –  Crystal structure of [RuIII(Me2dimpy)(bpy)Cl](PF6). 
 
For the synthesis of the aquo complex, [RuII(Me2dimpy)(bpy)OH2](PF6)2, the chlorido 
complex was dissolved in acetone and stirred with Zn powder in order reduce any oxidized 
species. Then, the Zn was filtered off and the reaction kept under an inert atmosphere. The 
oxidation of the chlorido precursor is a problem, once the Ru(III) is not as labile as the Ru(II).  
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The final product was also characterized by means of ESI-(+)-MS (Fig. 48), UV-Vis (Fig. 
49) and 1H-NMR (Fig. 50). The 1H-NMR shows broad peaks due to the presence of 
paramagnetic species, probably [RuIII(Me2dimpy)(bpy)OH2]3+. 
 
 
Figure 48 –  High-resolution ESI-(+)-MS of [RuII(Me2dimpy)(bpy)OH2](PF6)2 in MeOH:H2O. 
 
 
Figure 49  –  UV-Vis spectra of chlorido and aquo Ru(II) complexes with Me2dimpy. 
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4.8.Electrochemical characterization 
 
The oxidation process for the chlorido [Ru(H2dimpy)(bpy)Cl]+ complex (Fig. 51, red) 
shows a reversible wave at E½ = 0.464 V (vs Ag/AgCl) assigned to the Ru(III)/Ru(II) redox 
couple. The aquo [Ru(H2dimpy)(bpy)OH2]2+ complex (Fig. 51, blue) also displays a reversible 
wave attributed to the Ru(III)/Ru(II) redox couple at E½ = 0.614 V (vs Ag/AgCl), with a 150 
mV anodic shift when compared to the chlorido complex. 
 
 
Figure 51 –  CVs of Ru(II) complexes with H2dimpy in H2SO4 0.1M for the aquo complex and in 
HCl 0.1M for the chlorido. Conditions: WE: GC; CE: Pt wire; RE: Ag/AgCl; 100 mV∙s–1. 
  
As previously demonstrated using UV-Vis spectroscopy (Topic 4.5, Fig. 37), the 
chlorido ligand on [Ru(H2dimpy)(bpy)Cl]+ is very labile and it is readily replaced when 
dissolved in water, reaching an equilibrium between the chlorido and aquo species. This was 
also observed in the electrochemical measurements when no source of Cl– (e.g. HCl or KCl) 
was added prior the dissolution of the complex in water, as shown in Fig. 52. The RuIII/RuII 
redox couple for the chlorido and aquo complexes are summarized in Table 9. 
Comparison between Ru complexes containing H2dimpy and Me2dimpy showed 
practically no differences in the oxidation potential. For the aquo complexes only 5 mV of 
difference was observed, while for the chlorido complexes, a small difference of 15 mV was 
observed. This is probably explained by the strong dependence of the solvent used in the 
RuIII/RuII redox couple for [Ru(H2dimpy)(bpy)Cl]+, owned to strong N–H interactions with 
protic solvents, while in aprotic a different behavior is expected. 
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Figure 52  –  CVs of Ru(II) complexes with H2dimpy, showing the replacement of the chlorido 
for an aquo ligand (black curve). Conditions: WE: GC; CE: Pt wire; RE: Ag/AgCl; 100 mV∙s–1. 
 
N-Methylation of the imidazole groups in [Ru(H2dimpy)(bpy)Cl]+ slightly shifts the 
RuIII/RuII redox couple cathodically in [Ru(Me2dimpy)(bpy)Cl]+, as expected for a more 
electron-donating ligand (Fig. 53). Also, it can be noticed that both chlorido complexes 
display lower oxidation potential when compared with the aquo complexes in pH 1, which 
is also expected when comparing a negatively charged Cl– ligand with a neutral OH2 ligand. 
This, however, is restricted to very acid pHs, where the Ru(III)/Ru(II) redox couple shows no 
dependence on pH variations. 
 
 
Figure 53  –  CVs of Ru(II) chlorido complexes with H2dimpy (dotted line) and Me2dimpy 
(dashed line). Conditions: Electrolyte: HCl 0.1M; WE: GC; CE: Pt wire; RE: Ag/AgCl; 100 mV∙s–1. 
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Attempts to construct a Pourbaix diagram for the complexes were made to further 
analyze the influence of deprotonation on the redox couples. For the chlorido 
[Ru(H2dimpy)(bpy)Cl]+ and [Ru(Me2dimpy)(bpy)Cl]+ complexes, the processes are not pH-
dependent, as shown in the Pourbaix diagram on Fig. 54. and Fig. 55. For 
[Ru(H2dimpy)(bpy)Cl]+, the Ru(III)/Ru(II) redox couple is constant until approximately pH 8.5 
when deprotonation of H2dimpy takes place, resulting in a drop on the oxidation potential 
of c.a. 50 mV, and leading to the formation of the neutral [RuII(Hdimpy–)(bpy)Cl–]0 species 
that precipitate immediately. This behavior was not observed for [Ru(Me2dimpy)(bpy)Cl]+, 
as it doesn’t have acid protons. Instead, an oxidation process that was attributed to 
Me2dimpy ligand oxidation was observed in approximately 0.83 V (vs Ag/AgCl). 
 
 
Figure 54 – Pourbaix diagram for [Ru(H2dimpy)(bpy)Cl]+. 
Compound 
E½ (RuI I I/RuI I) / V (vs Ag/AgCl) 
pH 1 pH 13 
[Ru(H2dimpy)(bpy)Cl]+ 0.480 — 
[Ru(Me2dimpy)(bpy)Cl]+ 0.465 0.465 
[Ru(H2dimpy)(bpy)OH2]2+ 0.615 -0.270 
[Ru(Me2dimpy)(bpy)OH2]2+ 0.610 0.050 
[Ru(tpy)(bpy)OH2]2+ 0.810 0.270 
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Figure 55  – Pourbaix diagram for [Ru(Me2dimpy)(bpy)Cl]+. 
 
Fig. 56 shows CVs measurements in both acid and basic media. Even in acid 
conditions, when the imidazole moieties are protonated, the complex shows a lower 
RuIII/RuII redox couple (0.61 V vs Ag/AgCl) when compared to analogous 
[Ru(tpy)(bpy)OH2](PF6)2 in pH = 1 (0.81 V vs Ag/AgCl). 
 
 
Figure 56 –  CVs of [Ru(H2dimpy)(bpy)OH2]2+ in (a) acid (0.1 M H2SO4) and (b) basic (0.1 M 
NaOH) media with 20% of acetone. 
 
The astonishing difference in the redox potential of 885 mV shows that deprotonation 
of H2dimpy can be used to modulate the RuIII/RuII redox couple. To further understand this 
dependency, a Pourbaix diagram was constructed using the differential pulse voltammetry 
data. The DPVs used are shown in Fig. 57 and the Pourbaix diagram in Fig. 58. 
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Figure 57  –  DPVs of [Ru(H2dimpy)(bpy)OH2]2+ in different pHs. 
 
 
Figure 58 –  Dependence of oxidation potential as function of pH for [Ru(H2dimpy)(bpy)OH2]2+ 
(1 mM) at 100 mV∙s–1 in aqueous 0.1 mol∙L–1 B-R buffer with 20% of acetone.  
 
The first oxidation process is attributed to the RuIII/RuII redox potentials. The 
assignment of the other oxidation processes is very difficult due to the complexity of the 
system, involving multiple oxidation states of the ruthenium center and also the oxidation 
of the ligand. Attempts were made to determinate the pKa of [Ru(H2dimpy)(bpy)OH2]2+, to 
better understand the Pourbaix diagram. The protonation equilibria were studied by 
analyzing the pH dependency of the absorption spectra and the results are shown in Fig. 
59. However, due to the huge drop in the oxidation potential for Ru(III)/Ru(II) redox couple, 
it can be noticed the disappearance of the MLCT absorption band, characteristic for Ru II 
complexes, at approximately 450 nm, which was caused by oxidation by air. 
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To overcome this problem, both the titrant and titrand solutions were bubbled with 
N2 prior to the titration, that was performed with a nitrogen flux in the headspace. However, 
the pKa value of 8.62, found from the best fit of the isosbestic point should be seen as 
imprecise data but is in good agreement with the observed in the Pourbaix diagram, where 
there is a drastic drop in potential occurs in pH of approximately 8.5.  
 
 
Figure 59 –  pH dependency of the electronic spectra for [Ru(H2dimpy)(bpy)OH2]2+. 
 
DFT calculations were performed following the same routine as described for the 
H2dimpy ligand (Topic 3.5). The theoretical results presented in Fig. 60 were calculated by 
first determining the geometry of all species, also taking into account all possible oxidation 
and protonation states.  
 
 
Figure 60 –  Square diagram for proton transfer (PT, vertical) and electron transfer (ET, 
horizontal) reactions of [Ru(H2dimpy)(bpy)OH2]2+, where: PT = pKa, ET = oxidation potential 
(reported vs Ag/AgCl), and [Ru(H2dimpy)(bpy)OH2]2+ = [RuLH2OH2]2+. 
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A qualitative validation of the DFT results can be verified by observing that, the higher 
the oxidation state, the lower the pKa of a given species, and that the values for electron 
transfer are always higher for successive oxidations, which shows the reliability of the results. 
From the DFT results showed in Fig. 60, three main important conclusions can be drawn:  
(i) deprotonation of H2dimpy ligand always occurs prior deprotonation of OH2; (ii) removal 
of the proton from the OH2 moiety changes the strength of this ligand and, as a 
consequence, the energy levels of the ruthenium orbitals; (iii) at pH 7, the applied potential 
required for the formation of the Ru(V) species is 1.01 V (vs Ag/AgCl), predicted by the DFT. 
This is the active species in the water oxidation catalysis process. 
From i) and ii) it can also be concluded that, except for the first oxidation process that 
is always assigned to the Ru(III)/Ru(II) redox couple, for the following processes the oxidation 
occurs primarily in the H2dimpy ligand if an aquo ligand is coordinated. Additionally, DFT 
shows that the Ru(IV) and Ru(V) are only stabilized by the hidroxo (–OH) and oxo (=O) 
ligands, respectively, being unfavorable energetically if –OH2 is coordinated. 
These trends led us to believe that the oxidation process can alternate between the 
H2dimpy ligand and the metallic center, depending on the energy levels of the Ru orbitals, 
which are depend on the –OH2 ligand strength and, consequently, on its deprotonation. 
This is shown on Fig. 61, where: Left: below pH 4 the aquo ligand is the dominant species 
on [RuIII(dimpy2–•)OH2]2+, corresponding to Ru(III) and oxidized double deprotonated 
H2dimpy ligand; Middle: between pH 4 and 7 the hydroxo ligand is the major species on 
[RuIV(dimpy2-)OH]+, corresponding to Ru(IV) and no oxidation on the ligand; Right: the same 
Ru(IV) state but for the oxo ligand [RuIV(dimpy2–)O]0. The residual spin density on Ru for the 
formal IV state indicates a strong oxyl character for the ligand. The spin density on Ru(V) 
species is shown in Fig. 62. 
 
 
Figure 61  –  Spin densities of the optimized structures for the two-electron oxidation products 
of [Ru(H2dimpy)(bpy)(OH2)]2+ complex. In all cases H2dimpy is deprotonated in this oxidation 
state. Gold: positive density (spin up); green: negative density (spin down). 
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Figure 62 –  Spin density for the active species [RuV(dimpy2–)(bpy)(O)]+. 
 
The assignment of the species in Pourbaix of [Ru(H2dimpy)(bpy)OH2]2+ was done using 
the DFT results, and the outcome is shown in Fig. 63. 
 
 
Figure 63  –  Pourbaix diagram for [Ru(H2dimpy)(bpy)OH2]2+. 
 
Since the oxidation processes involve the irreversible or quasi-reversible ligand 
oxidation (Topic 4.1.2.), the inclinations obtained do not correspond perfectly to the ones 
expected by the - 59mV×(H+/e–) equation. Importantly, for the oxidation processes 
[RuII(H2dimpy)OH2]2+  [RuIII(H2dimpy)OH2]3+ and [RuIV(dimpy2–)O]0  [RuV(dimpy2–)O]+, 
that are not pH-dependent, the values found experimentally of 0.6 V and 1.08 V (vs 
Ag/AgCl), respectively, are in excellent agreement with the DFT results of 0.9 V and 1.01 V. 
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The deprotonation of both Ru–OH2 and/or H2dimpy yields two different isomers, that 
should be analyzed as two different complexes. The dotted lines represent the theoretical 
processes and the dashed lines show the pKa of the species, which are usually lower for high 
oxidation states, as a consequence of the more electron-withdrawing RuIII or RuIV center. 
The pKa values found on the Pourbaix are also in close agreement with the ones 
predicted by DFT (e.g. pKa of approximately 3.5 for [RuI I I (H2dimpy)(bpy)(OH2)]3+). Also is 
worth of notice, that the RuIII/RuII redox couples are largely shifted to lower potentials, 
especially upon deprotonation.  
The Pourbaix diagram for [Ru(Me2dimpy)(bpy)OH2]2+ is shown in Fig. 64. In this case, 
less pH-dependent oxidation processes can be observed when compared to 
[Ru(H2dimpy)(bpy)OH2]2+, and it was expected that this would facilitate the assignment of 
the processes. However, ligand oxidation at higher potentials also makes it difficult to 
understand the results, knowing that irreversible oxidations processes are present. 
Preliminary calculations show that, at pH 7, the potential applied required for the formation 
of the Ru(V) species, in this case, is above 1.5 V (vs Ag / AgCl), much higher than for 




Figure 64  –  Pourbaix diagram for [Ru(Me2dimpy)(bpy)OH2]2+. 
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4.9.Photocatalytic studies 
 
In this section, the initial results from photoinduced water oxidation experiments are 
presented. Pressure measurements were performed in the Brookhaven National Laboratory, 
EUA, using a standard 1.00 cm quartz cuvette with 2.00 mL of solution (total volume 5.60 
mL) with a stirring bar at room temperature (25 ± 1 ºC). The cap of the cuvette was directly 
connected with a Honeywell pressure sensor (SDX30G2-A or SDX05G2-A) and pressure 
changes of the headspace were recorded with a real-time data acquisition system (InstruNet 
i555) while the sample was continuously illuminated with a blue LED (454 nm) light source 
(Fig. 65-a). The amount of generated oxygen was calculated directly from the measured 
pressure changes. Solutions were prepared with 0.05M phosphate buffer (pH 7), 0.25M 
Na2S2O8 as sacrificial electron acceptor (SEA), 0.200 mM of a [Ru(bpy)3]2+ derivative (herein 
called [Ru(R-bpy)3]2+)§ as the photosensitizer (PS), that works as a light-harvesting molecule, 
and finally the ruthenium(II) complexes catalysts in several concentrations. A general scheme 
for the electron transfer and catalyst activation promoted by the photosensitizer is shown in 
Fig. 65-b.  While the SEA is consumed, both PS and the catalyst are regenerated, which 
explains the high concentration of Na2S2O8 when compared to the other components. The 










Figure 65  – (a) Scheme of the 
photocatalytic water oxidation 
by ruthenium(II) complexes 
catalyst in the presence of 
[Ru(R-bpy)3]2+ as the PS and 
persulfate as the SEA. (b) Set-
up of the photocatalytic OER 
experiment. 
 
§ The choice of this PS was due to its excited-state redox properties, exhibiting a stronger oxidizing 
power than [Ru(bpy)3]2+. This molecule was developed by Dr. Javier Concepcion’s Group, and its 
structure is unpublished and confidential. 
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Table 10 –  Calculated TON and TOF from photocatalytic measurements of Ru(II) complexes.   
* For [Ru(Phtpy)(bpy)OH2]2+, the amount of O2 produced in [0.10], [0.25] and [0.50] was not 
detectable. The PS concentration of 0.200 mM was kept the same in all measurements. 
 
The average calculated TOFs from photocatalytic measurements are shown in Fig. 66. 
The results clearly show that [Ru(H2dimpy(bpy)OH2]2+ is the best WOC among the ones. 
Knowing that the only dissimilarity between the prepared catalysts is on the methylation of 
H2dimpy, our study had successfully shown that an improvement in the photocatalytic 
activity can be achieved by the introduction of N–H groups, that facilitate the access to 
higher oxidation states via PCET reaction. Moreover, results for [Ru(Phtpy)(bpy)OH2]2+ also 
suggests that the introduction of imidazole groups can improve the photocatalytic activity. 
A proper comparison with the photocatalytic data for OER using other ruthenium(II) 
complexes reported in the literature is hardly achievable, once the experimental conditions 
(light source and intensity, nature of the PS and SEA, solvent, etc.) are not exactly the same. 
However, for a broad comparison purpose, the [Ru(bda)L2] series that was reportedly to 
oxidize water with a TOF of 300 s–1 by chemically triggered oxidation using (Ce(NO3)6) 
showed a TOF of only 0.33 s–1 in optimal conditions.[92] showing that the TOF of 
photocatalytic water oxidation is orders of magnitude smaller than the TOF measured by 




Figure 66 – Calculated TOF from photocatalytic measurements in different concentrations for (a) 
[Ru(H2dimpy)(bpy)OH2]
2+, (a) [Ru(Me2dimpy)(bpy)OH2]





[Ru(H2dimpy)(bpy)OH2]2+ [Ru(Me2dimpy)(bpy)OH2]2+ [Ru(Phtpy)(bpy)OH2]2+ 
TON TOF (s –1) TON TOF (s –1) TON TOF (s –1) 
0.10 10632 7.09 8616 5.88 — — 
0.25 5094 3.27 3189 2.31 — — 
0.50 2094 1.92 2088 1.58 — — 
1 1123 1.04 1086 0.752 998 0.566 
2 493 0.53 549 0.462 309 0.292 
5 428 0.374 308 0.308 251 0.178 
15 235 0.216 199 0.182 128 0.104 
50 96.6 0.105 87 0.0909 89 0.060 
100 60.3 0.0643 52 0.0633 51 0.0407 
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4.10. [Ru(H2dimpy)(Himpy)Cl](PF6) synthesis attempt 
 
Initially, the synthetic effort was aimed to obtain the ruthenium(II) complexes with 3 
imidazole portions. However, the isolation of pure [Ru(H2dimpy)(Himpy)Cl](PF6) (Fig. 67), 
proved to be quite challenging from the synthetic point of view. The attempts are briefly 
described herein, as valuable information can be of use to researchers working with similar 
systems. 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
 
Figure 67  –  Structure of [Ru(H2dimpy)(Himpy)Cl]+ isomers. 
 
As already discussed, due to the strong σ-donor properties of the H2dimpy and Himpy 
ligands, the complex could be easily oxidized by the oxygen of the air, during and after the 
reaction. The acknowledgment of this behavior arose from the results of synthetic attempts 
to obtain this molecule. Following standard procedures in the literature, by reacting the 
precursor [RuIII(H2dimpy)Cl3] with 1 equivalent of Himpy in methanol and using triethylamine 
as reducing agent, resulted in low reaction yields and broad spectra, as shown in Fig. 68. 
  
 
Figure 68 – 1H-NMR spectrum in DMSO-d6 of the 1st attempt to synthesize [Ru(H2dimpy) 
(Himpy)Cl](PF6). 
 
Thus, attempts to synthesize the complex in a Schlenk flask under an argon atmosphere, 
using dry DMF (that can act as a reducing agent [93]) as the solvent, with 10 equivalent 
excess of trimethylamine and a small excess of Himpy. The synthesis was monitored by UV-
Vis and showed that the reaction was completed after 3 hours, which was much faster than 
the reaction with methanol, reason why is this is the solvent of choice for the synthesis of 
the chlorido complexes described previously.  
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For this synthesis, the 1H-NMR spectrum (Fig. 69) was obtained with better defined 
peaks and no broad signals. Unfortunately, the results ended up showing that the product 
obtained with this procedure was, surprisingly, the tris Himpy complex, [RuII(Himpy)3](PF6)2. 
The integration of the protons is approximately 24H, with some fractional integrations due 
to the mixture of two possible isomers, facial (fac) and meridional (mer). The mer isomer has 
18 inequivalent protons while the fac isomer has a C3 symmetry axis and in this case only 6 
signals due to the equivalence of the three Himpy ligands. This complex has already been 
described in the literature by Stupka and collaborators in 2005,[58] and the results are in 
agreement with the ones found here. Further analyses (HR-ESI-(+)-MS, UV-Vis, and FTIR) 
were used to confirm the formation of [Ru(Himpy)3](PF6)2. 
 
 
Figure 69  – 1H-NMR spectrum in DMSO-d6 of an attempt to synthesize [Ru(H2dimpy) 
(Himpy)Cl](PF6). The spectrum shown corresponds to a mixture of fac and mer isomers of the 
complex [Ru(Himpy)3](PF6)2. 
 
Although the synthesis of the tris-complex was not the main goal, with the obtained 
results it was possible to develop a synthetic route to obtain ruthenium homoleptic 
complexes of the general formula [Ru(NNN)3](PF6), where NNN is a series of N-heterocyclic 
ligands. Details for this synthetic procedure can be found in a communication published by 
our Group,[72] in which the synthesis and crystal structure of [Ru(Himpm)3](PF6) are 
described (Himpm = 2-(1H-imidazol-2-yl)pyrimidine). Further attempts to obtain 
[Ru(H2dimpy)(Himpy)Cl]+ were made, using metallic zinc powder as reducing agent in 
different solvents and pHs, however, they did not show satisfactory results. Finally, the most 
promising results were obtained recently using ascorbic acid as a reducing agent and 
methanol as solvent. The reaction under these conditions takes approximately 24 hours to 
complete, showed by UV-Vis spectra during the time reaction. 
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Attempts to assign the hydrogens on the 1H-NMR spectrum were made and are 
indicated in Fig. 70, being only suggestions since the presence of impurities and/or isomers 
makes it difficult to properly calculate the couplings and integrals. Attempts to purify the 
product were unsuccessful so far, mainly because of the strong interactions of the N–H 
groups with the stationary phase (silica) of the column, that doesn’t allow the product to 
elute even using methanol or 1-3% of water in the mobile phase. 
Although a clean 1H-NMR was not obtained, peaks related to those expected for the 
complex can be observed. The H4/H5/H6 hydrogens of H2dimpy appear as a multiplet and 
the hydrogens H1/H9 and H2/H8 appear as a singlet integrating for 2H each, the first one 
being more deshielded compared to the second appearing at 6.58 and 7.52 ppm, 
respectively. The base peak on HR-ESI-(+)-MS also indicates the formation of the product. 
 
 
Figure 70 –  1H-NMR spectrum of [Ru(H2dimpy)(Himpy)Cl](PF6) in DMSO-d6 with the addition 
of ascorbic acid. 
 
Even though, in this case, methanol was a better choice of solvent, for the synthesis of 
other ruthenium(II) complexes DMF was chosen due to the higher solubility of the 
[RuIII(H2dimpy)Cl3] precursor and faster reaction times. The use of ascorbic acid proved to 
be extremely necessary both for the synthesis and in the preparation of the NMR tubes for 
analysis, when working with ruthenium complexes with low RuIII/RuII redox couple. 
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Preliminary CV of the impure complex was performed in basic media, to investigate 
the behavior of the RuIII/RuII redox couple in the complex containing three N–H groups. In 
Fig. 71, the CV of in situ formed [Ru(H2dimpy)(Himpy)OHx]n+ species in pH = 13 shows a 
RuIII/RuII redox couple in approximately E½ = -0.55 V (vs Ag/AgCl), a cathodic shift of 280 
mV when compared to [Ru(H2dimpy)(bpy)OH2]2+ in the same pH. After multiple cycling, it 
was observed an increase in the electrocatalytic wave, and after 20 cycles the glassy carbon 
electrode (GCE) was washed with deionized water several times and new CV in clean NaOH 
0.1M solution showed a quite impressive increase in the catalytic current at very low 
potentials (0.5 V), probably due to the formation of RuO2/RuO4 particles or nanoparticles at 
the electrode surface (Fig. 72). 
 
 
Figure 71  –  CV of [Ru(H2dimpy)(Himpy)OHx]n+ (1mM) in basic media (0.1M NaOH). Inset: 
RuIII/RuII redox couple. 
 
 
Figure 72  –  CV of “RuO2”-GCE formed after 20 CV cycles for [Ru(H2dimpy)(Himpy)OHx]n+. 
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5. CONCLUSION 
 
This chapter described the synthesis and characterization of heteroleptic ruthenium(II) 
complexes, [Ru(H2dimpy)(bpy)OH2](PF6)2 and its methylated derivative [Ru(Me2dimpy) 
(bpy)OH2](PF6)2. As one of the main objectives, the synthesis and isolation of these specific 
compounds was important for a fair comparison of the catalytic performances. Therefore, a 
detailed description providing insights on the synthetic routes, purification, and 
characterization of ruthenium(II) complexes containing pyridinic-imidazole is presented. 
Besides, another goal was achieved, as the new complexes synthesized showed a very low 
RuIII/RuII redox potential that can be modulated in a wide range of pHs, showing multiple 
PCET reactions. It was also shown, based on experimental and DFT data, that deprotonation 
of imidazole groups on [Ru(H2dimpy)(bpy)OH2](PF6)2 leads to a substantial cathodic shift on 
the oxidation potential. RuIII/RuII redox couple of the methylated analogous 
[Ru(Me2dimpy)(bpy)OH2](PF6)2 was found to be 320 mV higher, proving that the 
incorporation of dissociable protons causes a dramatic change on the properties of the 
metal center. Finally, the photocatalytic activity for water oxidation promoted by 
[Ru(H2dimpy)(bpy)OH2]2+ showed the best results among the catalysts tested. These results 
are of great interest for study of acid-base equilibria and introduction of imidazole groups 
on other rationalized ruthenium(II) catalysts.  
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Chapter III 
 
Copper(II) complexes as water oxidation catalysts 
 
 
1. INTRODUCTION AND MOTIVATION  
 
Although the ruthenium complexes are a good model for study, the high cost and low 
abundance of this metal in nature limit its application in large-scale, implying in the search 
for abundant metals with low cost that act as catalysts. In this sense, the synthesis and 
catalytic studies of oxides and coordination compounds based on Fe, Co, Cu, Ni and Zn 
metal centers have grown significantly in recent years. In particular, the studies of copper(II) 
complexes as catalysts for the oxidation of water are of great interest for our Group, given 




Figure 73 –  Structures of Cu(II) complexes previously reported by Formiga’s Group.[80,94] 
 
 The motivation for the study of these systems arose from the work of Barnett et al.[95] 
and Stott et al.[96], that reported the catalytic activity of copper(II) complexes with bipyridine 
and 2-(1H-imidazol-2-yl)-pyridine (Himpy) ligands, respectively (Fig. 74). These compounds 
are very similar to those reported by our Group, differing only by the OH2 molecule 
substituting the Cl– ligands. 
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Figure 74 –  Cu(II) complexes structures: (a) [(bpy)Cu(-OH)]22+ and (b) [(Himpy)Cu(OH2)2]2+. 
 
These complexes were prepared in situ and showed considerable catalytic current at 
very low concentrations (c.a. 150 M) as shown in Fig. 75. Although catalytic efficiency and 
stability were not comparable to ruthenium complexes or oxides, the results are very 
promising and instigate further work and research. Given the abundance and low cost of 
the material, the development of this research area may lead to the large-scale production 
of catalysts for water oxidation. 
 
 
Figure 75 –  CVs of solutions containing (a) 1mM of [(bpy)Cu(-OH)]22+ and (b) 150 M of 
[(Himpy)Cu(OH2)2]2+, adapted from the works of Barnett et al.[95] and Stott et al.[96], 
respectively. 
 
The work from Mayer’s Group (Barnett et al.), reported in 2012, excels because of it is 
easy-to-prepare, using only extremely cheap commercial reagents, based on an earth-
abundant metal. Although the copper complex catalyst [(bpy)Cu(-OH)]22+ showed a 
moderate turnover frequency (TOF) of 100s–1 at relatively high overpotential (750 mV vs 
NHE at pH 12.5), especially when compared to other noble-metals compounds, Mayer's 
seminal work served as inspiration for the design of a number of new copper-based 
molecules.[96–103] 
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These new molecules showed improvements by reducing the overpotential and 
increasing TOF in less basic catalytic conditions, but there is still a long and challenging path 
to develop complexes of abundant metals that can reach the same level of efficiency and 
durability of the complexes using noble metals.[98] To achieve this goal, the understanding 
of the mechanism must be thoroughly studied. However, the mechanism is still very much 
based on studies with Ru and Ir, with the formation of highly reactive species with high 
oxidation states M(IV,V,VI)=O, where the O–O bonds are formed by intramolecular 
interaction of two M=O units (I2M) or via nucleophilic attack of water molecule (WNA).  
However, unlike Ru and Ir, metal oxo species are less stable when containing copper 
and other metals with higher d electron numbers, which results in species high in energy 
due to the filling of antibonding orbitals.[99,104] For this reason, several other mechanisms 
have been proposed in the literature [97,99,101,104] many of them in which the active 
catalytic species are Cu(II,III) dinuclear complexes or dimers, with no formation of unstable 
species such as CuIV=O.[97,99] A deep and intimate understanding of the reaction 
mechanism is of utmost importance and has led to an exponential increase in TOF numbers 
for ruthenium complexes in the last 15 years. Only through a real understanding of the 
mechanistic aspects is it possible to plan molecules with catalytic performance and low 




2. SPECIFIC OBJECTIVES  
 
Improving water splitting catalysts based on cheap and abundant transition metal 
complexes is an ongoing field of research. To achieve this goal, a deep understanding of 
the reaction mechanism and intermediates is required. In order to contribute to the current 
literature, this chapter aims at: 
 
- Provide more information about the system first studied by Mayer, [(bpy)Cu(-OH)]22+, 
due to its importance and current relevance. Despite the simplicity of the system, the 
mechanism of the reaction is still unknown. It is expected that the gain of information 
concerning this system will benefit the development of rationalized molecular copper-
WOC, as major advances in water oxidation catalysis were owed to the understanding of 
the reaction mechanism. 
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- Extend the study of pyridinic-imidazole ligands to copper(II) complexes, using a series 
of 2-(1H-imidazol-2-yl)heteroaryl (Himpx) ligands. Given the experience of our group 
with copper(II) complexes and the current subject of research using imidazole groups to 
modulate the redox potential in coordination compounds, one of the objectives of this 
work is to do a systematic study with different bidentate ligands, in order to study the 
catalytic properties and the role of the ligand in the catalytic mechanism. To perform this 
very systematic study, a series of copper complexes shown in Fig. 76 was prepared, using 
the following 2-(1H-imidazol-2-yl)heteroaryl ligands: 2-(1H-imidazol-2-yl)-pyridine 
(Himpy), 2-(1H-imidazol-2-yl)pyrimidine (Himpm), 2-(1H-imidazol-2-yl)pyrazine (Himpz) 
and 2-(1H-imidazol-2-yl)-pyridazine (Himpa). Works on the relationship between 




Figure 76 –  Structures of copper complexes with 2-(1H-imidazol-2-yl)heteroaryl ligands: 








Sodium and potassium hydroxide pellets (NaOH and KOH ≥ 98%), potassium acetate 
(KOAc > 98%), potassium nitrate (KNO3 ≥ 99%), copper acetate(II) (Cu(OAc)2 ≥ 99%), 
copper(II) nitrate trihydrate (Cu(NO3)2∙3H2O ≥ 99%) and 2,2’-bipyridine (bpy ≥ 99%) were 
purchased from Sigma-Aldrich and hydrochloric acid solution (HCl(aq) 37%) was purchased 
from Merck. All reactants and solvents were used as received without further purification. 
MilliQ water (Millipore Corporation, USA) was used in all experiments in aqueous media. 
The 2-(1H-imidazol-2-yl)heteroaryl ligands were synthesized in a one-pot reaction, 
according to the procedure described by Voss et al.,[63] except for the ligand Himpa that 
was synthesized following the procedure described by Galemmo et al.[106]  
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3.2.Electrochemical measurements 
 
Equimolar amounts of Cu(OAc)2 or Cu(NO3)2 and the bidentate ligands were mixed in 
0.1 M aqueous KOAc or KNO3, following the preparation of copper(II) complexes in situ as 
previously described.[95,96] The pH of the solution was then adjusted using a NaOH 4 
mol∙L–1. 
 
3.3.Potentiometric titration for pKa determination 
 
The pKa determination of the 2-(1H-imidazol-2-yl)heteroaryl ligands was performed 
by potentiometric titration. The procedure consists in the preparation of aqueous solutions 
of concentration 0.01 mol∙L–1 of Himpy, Himpm, Himpz, and Himpa ligands, which were 
titrated against a previously standardized 0.01 mol∙L–1 solution of HCl or NaOH. The addition 
of the acid was done with a micropipette (Eppendorf Research), taking notes on the pH 
change after each addition 10 L. MilliQ water (Millipore Corporation, USA) was used for all 
solutions prepared. The pH variation was monitored using a pH meter Lab 827 from 
Metrohm with 0.01 resolution. The calibration was always done before measurements with 




Electrochemical measurements were performed on a Metrohm Autolab PGSTAT12 
potentiostat (ECO Chemie, Utrecht, Netherlands), using a three-electrode cell consisting of 
glassy carbon (3 mm diameter) working electrode, a Pt wire as the auxiliary electrode, and 
an Ag/AgCl as a reference electrode. For typical CV experiments, a 0.1 mol∙L–1 KOAc 
aqueous solution was used as the electrolyte, with a 150 mol∙L–1 concentration of the 
copper complex. The pH was changed with the addition of 4M NaOH. The working 
electrode was pre-polished with 0.1, 0.05 and 0.03-micron alumina paste and washed with 
water:ethanol (1:1). 
High-resolution (HR) electrospray ionization (ESI) mass spectrometry (MS) was 
performed on a Waters Xevo QToF mass spectrometer in the positive ion (+) mode and in 
the mass range of m/z 100–1000, under the following experimental conditions: capillary 
potential 3.5 kV; sampling cone 30.0 V; extraction cone 2.4 V; source temperature 120 ºC; 
desolvation temperature 150 ºC; cone gas flow 2.0 L∙h–1; collision energy 6 V; and detector 
voltage 2100 V. The data recorded was processed using the software MassLynx V4.1 (Waters 
Inc., 2015). 
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UV-Vis spectra were obtained using a Bel UV-M51 spectrophotometer with tungsten 
and deuterium lamps (190-1100 nm) with detection by photodiodes, performed in quartz 
cuvettes with an optical path length of 10.00 mm. The Fourier transformed infrared-
attenuated total reflectance (FTIR-ATR) spectrum in solution was run on a Cary 630 FTIR 
spectrophotometer (Agilent Technologies, USA) using a diamond ATR accessory with ZnSe 
window, within the 4000–400 cm–1 range, in transmission mode with 64 scans and resolution 
of 4 cm–1. The spectra of the samples in solution was obtained in the spectral region of 1750–
1000 cm–1, using MiliQ water as the background spectrum. 
For spectroelectrochemical measurement, a Metrohm Autolab PGSTAT12 potentiostat 
was used along with an HP Agilent 8453 diode array spectrophotometer, able to work in 
the 190-1100 nm range and record two spectra per second. A platinum grid was used as the 
working electrode, along with a Pt wire as a counter electrode and standard calomel 
electrode (SCE) as a reference electrode. To measured potential, 0.03 V was added and the 
results reported vs Ag/AgCl.  A conventional spectroelectrochemical cell with a 1mm optical 
path length was filled with a 5×10–2 mol∙L–1 or a 7.5×10–4 mol∙L–1 solution of [(bpy)Cu(-
OH)]22+ or [(Himpy)Cu(OH2)2]2+ using 0.1 mol∙L–1 KOAc as the electrolyte. 
 
4. RESULTS AND DISCUSSION 
 
4.1.Study of the electrochemical water oxidation by [(bpy)Cu(-OH)]2
2+ 
 
CVs for [(bpy)Cu(-OH)]22+ obtained in different pHs are shown in Fig. 77, 
demonstrating that the electrocatalytic results are very similar to those obtained by Mayer 
and co-workers,[95] with electrocatalytic irreversible anodic waves starting at 1.2 V (vs NHE) 
in pH > 12. In this case, a value of 0.24 V was added to the measured potential (vs Ag/AgCl), 
to report the results versus normal hydrogen electrode (NHE) for comparison with Mayer’s 
work. As most of the CVs performed in the literature for electrocatalysis are done with KNO3 
as the electrolyte, we attempt to use both potassium nitrate and B-R buffer to evaluate the 
electrocatalytic behavior in different conditions. It was observed that the onset potential of 
the electrocatalytic wave showed to be highly dependable on the nature of the electrolyte 
used. The situation was even worse when using potassium nitrate as the electrolyte, as the 
[(bpy)Cu(-OH)]22+ is readily hydrolyzed, leading to precipitation at pH above 12 and also 
very inconsistent electrochemical data. This motivated us to investigate if the acetate was 
coordinated to the copper center. Studies in aqueous solution were performed by means 
of UV-Vis, HR-ESI-(+)-MS and ATR-FTIR, and the results are shown as follows. 
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Figure 77  –  Cyclic voltammograms of [(bpy)Cu(-OH)]22+ (150 M) at 100 mV∙s–1 in aqueous 
solution (0.1 M KOAc electrolyte) under different pH conditions. 
 
The UV-Vis results are shown in Fig. 78, where a change in the spectra of 
[(bpy)Cu(OH2)2](NO3) was observed upon the addition of one equivalent of CH3COO– (from 
KOAc salt). The d-d transitions observed in the range of 500 to 1000 nm were hyperchromic 
blueshifted, with maxima changing from 703 nm to 677 nm, probably due to the 
coordination of acetate. Powder KOAc was added to the [(bpy)Cu(OH2)2](NO3)2 solution to 
avoid changes in the concentration, and the pH was also corrected for a clear comparison. 
 
 
Figure 78 –  UV-Vis spectra of [(bpy)Cu(OH2)2](NO3)2 0.05 mol∙L–1 (a) after and (b) before the 
addition of 1 eq. of KOAc. 
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Job's method (UV-Vis) was used to evaluate the equilibrium of a [(bpy)Cu(-
OH)]2(OAc)2 complex formed in solution.[107,108] The method is based on the simple idea 
that when the equilibrium is reached, a maximum will be observed in the UV-Vis spectrum. 
For example, the following equation for an equilibrium reaction: 
 
aA   +   bB   ⇌   AaBb 
 
By varying the proportions of A and B, the spectra collected at the exact ratio where 
the complex AaBb is formed will reach a maximum in the absorbance, whereas ratios with 
an excess of one of the reactants (e.g. A a-x B b+x) will show lower values of absorbance. In a 
system in equilibrium, as the ratio approaches the exact value for AaBb formation, closer the 
absorbance will get to the maximum. In order to properly use this method, the final 
concentration of the reactants should be constant in all data collected. To do so, 2 solutions 
were prepared, i) a 0.01 mol∙L–1 of [(bpy)Cu(OH2)2](NO3)2 and ii) a 0.01 mol∙L–1  of CH3COOK, 
followed by preparation of another thirteen solutions by mixing the reactants, using the 
volumes shown in Table 11 and Fig. 79. 
 
Table 11 –  Job’s plot data (UV-Vis) for [(bpy)Cu(OH2)2](NO3)2 vs CH3COOK. 
Nº 
[(bpy)Cu(OH2)2](NO3)2  CH3COOK  Corrected absorbance  
ΔA 
(mL)   (mL)   Abs (u. a.)  
12 6.0 1.0  0.0 0  0.0000  — 
11 5.5 0.9166  0.5 0.0834  0.0116  0.3010 
10 5.0 0.8333  1.0 0.1667  0.0321  0.2617 
9 4.5 0.75  1.5 0.25  0.0477  0.2193 
8 4.0 0.6666  2.0 0.3334  0.0577  0.1835 
7 3.5 0.5833  2.5 0.4167  0.0638  0.1472 
6 3.0 0.5  3.0 0.5  0.0785  0.1119 
5 2.5 0.4167  3.5 0.5833  0.0701  0.0971 
4 2.0 0.3334  4.0 0.6666  0.0605  0.0735 
3 1.5 0.25  4.5 0.75  0.0500  0.0521 
2 1.0 0.1667  5.0 0.8333  0.0326  0.0355 
1 0.5 0.0834  5.5 0.9166  0.0175  0.0214 
13 0.0 0  6.0 1.0  0.0011  0.0000 
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Figure 79 –  Solutions used in UV-vis Job's plots. Solutions numbers 1 to 11 were prepared by 
mixing 0.01 mol∙L–1 [(bpy)Cu(OH2)2](NO3)2 (number 12) and 0.01 mol∙L–1 CH3COOK (number 13) 
in different ratios, as shown in Table 11. 
 
After rapidly mixing the solutions, the spectrum was immediately collected. Because 
of [(bpy)Cu(OH2)2](NO3)2 alone shows an absorbance maximum at approximately 703 nm, 
the final obtained spectra were corrected by subtracting the contribution of this component, 
that is also dependable on the molar ratio added. The corrected absorbance was obtained 
using the following equation: 
Abscorrected = Abs – (εcℓ) 
 
Where ε is the molar extinction coefficient and c the molar concentration of 
[(bpy)Cu(OH2)2](NO3)2, and ℓ is the optical path length. Fig. 80-a shows the different spectra 
obtained varying the ratio of the solutions and Fig. 80-b shows the Job’s plot with the 
corrected absorbance versus molar ratio for each component. The maximum is observed at 
0.5, which indicates the formation of a 1:1 complex with acetate. 
 
 
Figure 80 –  (a) UV-vis absorption (d-d transitions) for [(bpy)Cu(OH2)2](NO3)2 with the addition 
of various amounts of KOAc. (b) Job’s plot obtained from the corrected spectra obtained. 
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Examination of the profile of the curve showed that intermediate complexes at 
different ratios than 1:1 are apparently also formed. The very close but non-linear profile (R2 
= 0.96) on the double reciprocal plots (Benesi-Hildebrand method [109]) shown in Fig. 81-b 
indicates the presence of other species on the equilibrium, rather than the single formation 
of 1:1 complex.[110,111] 
 
 
Figure 81 –  (a) Change of absorbance (A) as a function of concentration of 
[(bpy)Cu(OH2)2](NO3)2 divided by [KOAc], where A is the difference of the absorbance of 
[(bpy)Cu(OH2)2](NO3)2 in the absence and in presence of KOAc and (b) double reciprocal plot. 
 
During the UV-Vis measurements for Job’s method, blue single crystal suitable for  X-
ray analysis of [Cu2(-O2CCH3)(-OH)(-OH2)(bpy)2](NO3)2 grew up resulting from slow 
evaporation of the aqueous solution, as shown in Fig. 82. 
 
 
Figure 82 – Crystal structure of [Cu2(-O2CCH3)(-OH)(-OH2)(bpy)2](NO3)2. 
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Youngme et al.[112] had previously reported the X-ray crystal structure in order to 
assess the magnetic properties of this kind of dinuclear Cu carboxylate-bridged complexes. 
Although the crystal structure of the compound is already known, we redetermined this 
crystal structure at a low temperature of 150.0 K, resulting in a crystallographic data with 
improved quality. 
HR-ESI-(+)-MS was also used to detect the species in solution and showed the 
formation of different species with the acetate anion coordinated to dicopper metal centers 
in all the cases, as shown in Fig. 83. The base peak, found in 573.0353 m/z was attributed 
to a copper-dimer complex with a 1:1 ratio to Cu centers and acetate anion, in good 
agreement with Job’s plot results. ATR-FTIR studies were performed in solution to evaluate 
the coordination of acetate anions, and a comparison with nitrate anion is displayed. The 
FTIR results in solution in Fig. 84-a shows that the as(COO–) and s(COO–) modes from 
carboxylate groups of acetate (1545 cm–1 and 1413 cm–1, respectively) are displaced when 
mixed with the [(bpy)Cu(-OH)]22+ complex, suggesting the formation of an acetato 
complex. The splitting of the as(COO–) band, observed especially in higher concentrations 
of OAc– anion, also suggests that different coordination modes exist.  
 
 
Figure 83 – High-resolution ESI-(+)-MS of [(bpy)Cu(-OH)]22+ prepared from Cu(OAc)2. 
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For the sake of comparison, Fig. 84-b shows the FTIR spectra of [(bpy)Cu(OH2)]2+ 
prepared from Cu(NO3)2 as starting material. In this case, the degeneracy of the 3(E') mode 
of nitrate ion, observed in solid-state FTIR, is not observed due to the interaction of water 
molecules. In solution, a splitting of this band is observed, and the resulting components 
are also dependable on concentration of nitrate anions,[113] in this case appearing at 1388 
cm–1 and 1344 cm–1. Nevertheless, the 3(E') antisymmetric stretch of NO3– remains nearly 
unchanged when comparing the KNO3 and [(bpy)Cu(OH2)2](NO3)2 spectra, suggesting that 




Figure 84 –  FTIR spectra in the 1750–1000 cm–1 range for [(bpy)Cu(OH2)2]2+ in solution with 




The oxidation process was evaluated using spectroelectrochemical experiments, by 
performing controlled potential electrolysis (CPE) under catalytic conditions (applying 1.7 V 
vs NHE at pH > 12.5) to evaluate the putative formation of Cu(IV) species. However, no 
changes in the spectra were observed in these conditions (Fig. 85). Attempts to perform 
long CPE (450 seconds) resulted in an overall hyperchromic shift of the spectra, with no new 
bands arising or vanishing both in the π–π* bands and d-d transitions (Fig. 86, left), which 
was very likely explained by the formation of bubbles in the cuvette, as shown in Fig. 86, 
right. 
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Figure 85 – Spectroelectrochemical measurements showing the UV-vis absorption spectra 
response during the first 60 seconds of controlled potential electrolysis under catalytic 
conditions at 1.7 V (vs NHE) in pH 12.5 for [(bpy)Cu(-OH)]22+ in 0.1 M KOAc aqueous solution. 
Different concentrations were used: a 5 mM for d-d transitions bands (inset) and 750 M  for 
the π–π* bands. 
 
 
Figure 86 –  (Left) UV-visible spectra before (black) and after (gray) 450 seconds of CPE of 
[(bpy)Cu(-OH)]22+ in 0.1 M KOAc aqueous solution and in catalytic conditions at 1.5 V (vs NHE). 
The difference observed in the spectra is attributed to bubbles formation (right), as a spectrum 
taken after removal of the bubbles (blue) show no noticeable differences.  
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The spectroelectrochemical data performed during CPE for the [(bpy)Cu(-OH)]22+ 
system did not indicate the formation of CuIV species during electrocatalysis, as no 
noticeable change in the UV-Vis spectra that could be associated with the formation of 
species with higher oxidation states were observed. Although Mayer and co-workers did 
not invoke the presence of CuIV in his initial work, most of the papers on the current literature 
suggest the formation of species with high oxidation states that are intermediates for 
subsequent water nucleophilic attack on the CuIV=O moiety. However, most of these 
mechanisms are based on the prior knowledge acquired for the water oxidation mechanism 
by ruthenium complexes, and the extension of this knowledge to the understanding of 
molecular catalysis on copper complexes should be done with care, once oxo species on 
copper complexes are higher in energy due to the filling of antibonding orbitals. Therefore, 
without the formation of CuIV=O intermediate, a water nucleophilic attack on a Cu–O moiety 
would be rather unlikely, and the formation of the O–O bond should probably occur by an 
interaction of two Cu–O units (I2M-like mechanism) or via a binuclear complex acting as the 
active catalytic species.[104] Our group is currently investigating whether a dimer can, in 
fact, act as the electroactive species, based on the crystalline structure obtained and 
presented in this work, together with the results in aqueous solution that also demonstrates 
that the acetate is coordinated to the dicopper centers. 
In the outstanding work of Koepke and co-workers,[104] the authors showed that for 
the [(Me2TMPA)Cu(μ-OH)]2(OTf)2 complex  (Me2TMPA = bis((6-methyl-2-pyridyl)methyl)(2-
pyridylmethyl)-amine), the catalytically active species is a dinuclear complex. The authors 
also proposed one of the possible pathways for O–O formation, occurring via 
interconversion of the Cu2(-O)2 core to Cu–O–O–Cu, via redox isomerization. These 
authors also pointed out interesting information regarding the catalyst for Mayer’s system, 
that was reported to show a linear dependence of the catalytic peak current with the 
concentration, but only valid within a very small concentration range, below 100 M. 
Moreover, EPR data presented on Mayer’s paper showed that above pH 13 the complex 
appears as mononuclear species, but it is also known that the EPR signal is highly dependent 
on the concentration.  
Thus, under different electrolyte conditions and concentrations, one could expect a 
different behavior from that described by Mayer, especially since the speciation of the 
[(bpy)Cu(-OH)]22+ system is extremely complex and highly dependent on the 
concentration and pH, as mono-, di- and tetranuclear species were reported in solid-state 
and in solution.[114,115] 
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For these reasons, our group is now particularly focused on the choice of 
buffer/electrolyte, whose importance was widely studied in various systems. A number of 
dicopper bipyridine hydroxo-bridged complexes had their magnetic properties studied, and 
the results showed this property to be highly dependent on the choice of counteranion 
used. The most acceptable explanation is the structural and/or electronic distortions caused 
by the counteranion, that influences the magnetic interaction between copper centers, 
especially the Cu–O–Cu angle.[116–119] 
In addition, it is known that the electrolyte can act as a proton acceptor and that, in 
some cases, the electrolyte selection is crucial to maintain the equilibrium of species in 
solution.[120] Indeed, our preliminary studies have also shown that the onset potential of 
the electrocatalytic wave is dependent on the nature of the electrolyte used. Similar results 
were found by Huang et al.,[121] where the authors showed that the borate buffer acts as a 
co-catalyst, improving the electrocatalysis of both [(bpy)Cu(OH)]22+ and [Cu(en)2](SO4)2 (en 
= 1,2-ethylenediamine) systems.  
Research focused on evaluating the influence of buffer/electrolyte choice on 
electrocatalysis, and those focused on the design of bridging ligands that can facilitate the 
interconversion between Cu2(-2:2-peroxido) and Cu2(-oxido)2 isomers are highly 
promising, and represents a possible pathway for O–O bond formation in copper 
complexes, without the need to access high oxidation states.  It is known that the equilibrium 
between the peroxide and oxido isomers can be shifted depending on the counteranion 
coordination, which is possibly explained by the structural changes upon coordination. 
Strongly bounded counteranions can lead to changes in the geometry and on the orbitals 
overlap, which may thermodynamically favor one of the isomers species.[122–127] 
Additionally, the acetate anion has been reported to favor the peroxide species in copper 
complexes, although the peroxide complex is formed with low stability.[125,126,128] 
Currently, little is known about the equilibrium between isomers and how they could 
be changed under catalytic conditions. The possibility of a redox isomerization mechanism 
as proposed by Koepke et al.[104] for the [(Me2TMPA)Cu(μ-OH)]2(OTf)2 complex could not 
be discarded for the [(bpy)Cu(-OH)]22+ system. Thus, our group is also working on bridging 
ligands that can act as catalysis promoters, by stabilizing the dinuclear species and potential 
peroxide intermediates as active catalytic species, facilitating O–O bond formation. An 
oversimplified proposed mechanism is shown in Fig. 87, where the oxido dimer 
isomerization to a peroxide complex leads to Cu–OO formation with subsequent O2 release, 
followed by the catalyst regeneration. Additionally, ongoing DFT studies will help 
understand the mechanism proposed, and the relative energies of the intermediates. 
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4.2. Copper(II) complexes with 2-(1H-imidazol-2-yl)heteroaryl ligands 
 
4.2.1. Potentiometric titrations of 2-(1H-imidazol-2-yl)heteroaryl ligands 
 
Before evaluating the catalytic activity of the copper(II) complexes, the pKa of the 
ligands were determined by potentiometric titration, to be correlated with the 
electrochemistry data of the complexes. The titration curves and pKa values found for the 
ligands are shown in Fig. 88 and Table 12. The procedure and data treatment are similar to 
those previously described for H2dimpy (Chapter II, Topic 4.1.2). The results in Fig. 88 only 
shows the buffer region, arising from the protonation of the ligands, whose value depends 
on pKa (buffer capacity pKa ±1).  
Himpy was the only ligand whose pKa value was found in the literature, also 
determined by potentiometric titration.[84] The authors found a pKa = 5.47, in very close 
agreement with the value reported herein (relative error of 0.55%). These authors also 
estimated the pKa2 at approximately -0.7 by the UV-Vis spectroscopy, which corresponds to 
the second protonation of the ligand (AH22+), and it is expected to occur in the nitrogen on 
the pyridine ring. The first protonation most likely takes place on the nitrogen of the 
imidazole ring, as observed for H2dimpy. 
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Table 12  –  Calculated pKa values for Himpx. 
Ligand pKa (± SD) pKa (triplicate) 
  5.57 
Himpy 5.50 ± 0.07 5.49 
  5.44 
   
  5.12 
Himpm 5.07 ± 0.07 5.12 
  4.99 
   
  4.57 
Himpz 4.51 ± 0.05 4.49 
  4.48 
   
  4.27 
Himpa 4.23 ± 0.05 4.24 
  4.17 
SD = standard deviation 
 
 
Figure 88  –  Potentiometric titration curves for Himpx. 
  
4.2.2. Electrochemical measurements of Cu(II) complexes 
 
The cyclic voltammograms of the copper(II) complexes at pH 12 and pH 13 are shown 
in Fig. 89 and Fig. 90, respectively. In pH 12 is possible to observe a semi-infinite diffusion 
current in all cases. The irreversible anodic current assigned to the catalytic water oxidation 
process was only observed for [(Himpa)Cu(OH2)2]2+ in this pH, starting at c.a. 1.3 V. 
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Figure 89  –  CVs of 150 M copper(II) complexes in 0.1 M KOAc at pH 12. 
 
[(Himpz)Cu(OH2)2]2+ was not included in Fig. 89 and Fig. 90 because the complex is 
stable only until pH < 11, when it begins to hydrolyze with the formation of a white 
precipitate (possibly copper hydroxide). Cyclic voltammograms for all complexes in pH 7-13 
range are shown in Fig. 91. [(Himpy)Cu(OH2)2]2+ has already been reported by Stott et al.[96] 
(Fig. 91-b), and the results found here are in agreement with those previously reported. 
 
 
Figure 90  –  CVs of 150 M copper(II) complexes in 0.1 M KOAc at pH 13. 
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Figure 91 –  CVs of 150 M copper(II) complexes in 0.1 M KOAc at various pH’s. 
(a) [(Himpy)Cu(OH2)2]2+, (b) [(Himpm)Cu(OH2)2]2+, (c) [(Himpa)Cu(OH2)2]2+ and (d) 
[(Himpz)Cu(OH2)2]2+. 
 
In all cases, [(Himpz)Cu(OH2)2]2+ showed the lower catalytic current, followed by 
[(Himpm)Cu(OH2)2]2+. In pH 12, a slightly larger catalytic current for [(Himpa)Cu(OH2)2]2+ 
than for [(Himpy)Cu(OH2)2]2+ is observed, both being more active than [(bpy)Cu(-OH)]22+. 
Probably. this is attribute to deprotonation of imidazole, which takes place at approximately 
10 (results not shown) and enhances the catalytic activity. Finally, for pH > 12 where all the 
systems display the larger catalytic current, [(bpy)Cu(-OH)]22+ showed the best activity.  
These results are very interesting, proving that minor modifications to the pyridinic 
ring lead to significant changes in the catalytic activity. Additionally, important conclusions 
can be drawn: i )  although the deprotonation of imidazole appears to influence the catalytic 
activity on Cu(II) complexes, this is only valid for pH < 13. In higher pHs, where larger catalytic 
currents are observed, [(bpy)Cu(-OH)]22+ has the best performance; ii) no correlations 
between the pKa and the catalytic activity could be traced. This is unexpected, once the pKa 
value can be correlated with the -donor strength of the ligands. These observations are 
quite surprising, once we expected that the imidazole-containing copper(II) complexes 
would exhibit better catalytic activity. However, these assumptions are made based on the 
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general knowledge acquired from the literature of catalysts based on ruthenium centers, 
where the addition of donating groups leads to an overall increase in catalytic activity due 
stabilization of high oxidation states. The results presented in the previous chapter showed 
that the performance of ruthenium complexes containing imidazole groups was superior 
when compared to the ruthenium complex containing only pyridine groups. These findings 
support the hypothesis that, both the mechanism and the overall “rules” that govern the 
catalytic activity in ruthenium complexes cannot be directly employed in the understanding 
and design of catalysts based on copper(II) complexes. 
Peaks that precede the electrocatalytic current, between 0.8 and 1.0 V were observed 
for all complexes, except [(bpy)Cu(-OH)]22+. Based on our previous knowledge that the 
imidazole-containing ligands are electroactive, we decided to investigate the possible 
oxidation of the bidentate ligands. Stott and co-workers reported the CV for Himpy with no 
indications of any oxidation process. The authors also stated the onset of catalytic current 
at 0.85 V and the peak current at 1.5 V (vs NHE) for [(Himpy)Cu(OH2)2]2+ and claimed that 
the shape of the cyclic voltammogram indicates that the electrocatalytic process is 
controlled by both diffusion and kinetics of the reaction. 
However, the cyclic voltammogram of Himpy at pH 11 shows an irreversible oxidation 
process that starts at ca. 800 mV with an anodic peak observed at 1.05 V (vs Ag/AgCl). A 
great similarity between the CV of Himpy at pH 11 (Fig. 92-a) and the CV of 
[(Himpy)Cu(OH2)2]2+ at pH 11 (Fig. 92-a) strongly suggests that the oxidation of the ligand is 
also occurring on the complex. Spectroelectrochemical measurements (Fig. 92-b) during 
Himpy oxidation shows that this process is probably accompanied by decomposition, a 
similar behavior to that observed for H2dimpy.  
 
 
Figure 92  –  (a) CV and (b) spectroelectrochemical UV-vis spectra response during the first 180 
seconds of CPE at 1.5 V (vs Ag/AgCl) in pH 11 for  Himpy (0.5 mM) in 0.1 M KOAc. 
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Similar behavior was also observed for Himpm, Himpa, and Himpz. The catalytic water 
oxidation promoted by [(Himpy)Cu(OH2)2]2+ was also evaluated using spectro-
electrochemical experiments, by performing two controlled potential electrolysis (CPE): the 
first one applying 1.0 V and the second one applying 1.5 V (catalytic condition) at pH 12 (Fig. 
93-a and Fig. 93-b, respectively). Unlikely [(bpy)Cu(-OH)]22+, [(Himpy)Cu(OH2)2]2+ 
precipitates in concentrations higher than 1mM, so the d-d transitions were not observed 
due to the low molar absorptivity. 
 
 
Figure 93  –  Spectroelectrochemical measurements showing the UV-vis absorption spectra 
response during 180 seconds of CPE for [(Himpy)Cu(OH2)2]2+ in 0.1 M KOAc at pH 12, applying 
(a) 1 V and (b) 1.5 V (vs Ag/AgCl). 
 
The changes on the UV-Vis spectra after CPE at 1.0 V (vs Ag/AgCl) are similar to those 
observed for the free Himpy ligand, in the sense that no new bands where observed, only 
an overall hypochromic shift of the bands in 235, 280 and 328 nm. The results for CPE at 1.5 
V (vs Ag/AgCl) in pH 12, which means in catalytic conditions, showed the disappearance of 
the band at 280 nm, while a redshift in the band at 235 nm and a blueshift in the band at 
328 nm were observed in the first 70 seconds. The new bands centered in 260 and 308 nm 
beings to vanish in the course of the experiment. This could be either attributed to 
decomposition or formation of O2 bubbles, however no bubbles were observed and UV-
Vis spectrum collected after the experiment shows no indication of decomposition. 
Although the spectroelectrochemical data is still not fully understood, the observed 
changes in the spectra, combined with other spectral data and DFT calculations can provide 
more information for all the copper complexes with the Himpx ligand series. Acknowledging 
that the spectroelectrochemical data of [(bpy)Cu(-OH)]22+ showed no changes in the 
spectra during CPE, the [(Himpx)Cu(OH2)2]2+ system is more interesting for future studies. 
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5. CONCLUSION 
 
In this Chapter, new insights on the [(bpy)Cu(-OH)]22+ system revealed that the 
acetate anion is coordinated to the copper center, and may play an important role in the 
active catalytic species. This leads to the proposal of a mechanism where the O–O bond 
formation occurs via redox isomerization, between Cu2(-oxido)2 and Cu2(-2:2-
peroxido), with the acetate possibly promoting or stabilizing the peroxido species. The 
results presented herein indicate that the study of bridging ligands, that can promote 
catalysis via pathways that avoid high oxidation states, are highly promising for copper 
complexes. Additionally, it is reported the study of the electrocatalytic activity of copper(II) 
complexes in which the bpy ligand was replaced by a series of 2-(1H-imidazol-2-
yl)heteroaryl ligands. The results showed that the expected correlations between imidazole 
groups, N–H deprotonation and donation strength of the ligands were not valid, reinforced 
the main conclusion of this work: the transposition of the knowledge acquired for the design 
and description of mechanisms and intermediates in ruthenium-based catalysts should not 
be done (or done with extreme care) for copper(II) complexes. 
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Chapter IV 
 
 Photocatalytic HER using Ru4-PPNPs@TiO2 
 
 
1. INTRODUCTION AND MOTIVATION  
 
While in water oxidation process four O–H bonds are broken, with the release of 4 
protons and 4 electrons followed by O=O bond formation, hydrogen reduction is simpler 
from the mechanistic point of view, because it only involves the formation of one H–H bond 
(in acid conditions). This directly reflects on the observed overpotentials for electrocatalytic 
HER (< 100 mV) and OER (> 200 mV).[129] Thus, catalysts can perform HER with low 
overpotentials in acid media, being the state-of-the-art now mainly based on compounds 
containing platinum, such as the commercially available Pt/C. However, it is desirable that 
the reaction can be carried out in neutral or basic medium, where the half-reaction of water 
oxidation is less thermally disadvantaged. For this reason, alternatives to Pt have been 
sought, since Pt does not show the same performance in basic media, besides being a finite 
and extremely expensive metal.  
As a viable alternative, several Ru-based systems for HER have been developed in the 
last couple of years. Although ruthenium is a metal that cannot be considered cheap and 
abundant, it still appears as a viable alternative as it is 6 times cheaper than Pt with a 
minimum downside of slightly higher overpotentials needed in acid media when compared 
to Pt, but has the advantage of being more stable in basic medium.[129] 
In this context, the SelOxCat Group led by Prof. Xavier Sala at the Autonomous 
University of Barcelona (UAB, Barcelona, Spain) recently reported ruthenium nanoparticles 
stabilized by the 4-phenylpyridine ligand (Ru4-PPNPs, Fig. 94-a), which had excellent 
electrocatalytic properties. The Ru4-PPNPs were obtained by the organometallic approach, 
where very small nanoparticles were obtained. Through deposition onto the GC electrode, 
the Ru4-PPNPs proved to be highly active for the HER with very low overpotentials, also 
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Figure 94  –  (a) Ruthenium(0) nanoparticles capped with 4-phenylpyridine (Ru4-PPNPs) adapted 
from Creus et al.[130] (b) Structure of QuPh+–NA, reported by Fukuzimi’s Group.[132] 
 
These excellent electrocatalytic results that are comparable to Pt/C under the same 
reaction conditions, make this system highly promising for photocatalysis application. 
However, the use of RuNPs in photocatalysis is hindered by the proper electron transfer 
between the photosensitizer (PS) and the nanoparticles. The most used photosensitizers in 
general photocatalysis are [Ru(bpy)3]2+ derivatives, however, they are not optimal for an 
application using nanoparticles, as the electron transfer is usually facilitated by a mediator 
(e.g. methyl viologen). To get around this problem, Fukuzumi’s Group reported the synthesis 
[132] of 2-phenyl-4-(1-naphthyl)quinolinium ion (QuPh+–NA, Fig. 94-b), an organic 
photosensitizer that allowed photocatalytic hydrogen evolution using ruthenium 
nanoparticles under basic conditions, with the dyad acting as an efficient photosensitizer 
and electron supplier.[129,133] These reports motivated the investigation of whether the 
union of the organic PS with the highly electroactive Ru4-PPNPs could have a synergistic 
effect, and result in a promising material for photocatalytic hydrogen evolution. Preliminary 
results are presented in this Chapter. 
 
2. SPECIFIC OBJECTIVES  
 
– Synthesis of 2-phenyl-4-(1-naphthyl)quinolinium triflate QuPh+–NA(OTf–). The product 
obtained by Fukuzimi’s Group was a perchlorate salt QuPh+–NA(ClO4–), that has solubility 
issues and requires the addition of acetonitrile in the photocatalytic experiments. The 
counter ion exchange is expected to increase its solubility in aqueous medium. 
 
– Preparation of ruthenium(0) nanoparticles capped with 4-phenylpyridine (Ru4-PPNPs) 
and incorporation onto titanium dioxide. The immobilization on TiO2 is of great interest, 
for electron transfer can be improved on supported nanoparticles.  
 
– Evaluation of the photocatalytic activity of Ru4-PPNPs@TiO2/QuPh+–NA for hydrogen 
evolution reaction. 
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Tetrahydrofuran (THF, Sigma-Aldrich) was distilled with sodium/benzophenone and 
degassed 3 times in the vacuum line by pump-freeze-thaw prior to every experiment in 
which this solvent was used. Hexane and dichloromethane were distilled with CaH2 and 
degassed 3 times on the vacuum line prior to the indicated experiments. Other solvents 
were used as purchased from the supplier (Sigma-Aldrich). [Ru(COD)(COT)] and TiO2 P25 
anatase/rutile (80/20) were provided by Dr. Karine Philippot's Group, LCC-CNRS (Toulouse, 
France) and the stabilizing agent 4-phenylpyridine was obtained from Sigma-Aldrich. 
 
3.2.Synthesis of the photosensitizer, 2-phenyl-4-(1-naphthyl)quinolinium 
triflate, QuPh+–NA(OTf–). 
 
The photosensitizer was prepared in a 4 steps synthesis, with minor modifications to 
the procedure previously described in the literature [132], summarized in Fig. 95. 
 
 
Figure 95 –  Photosensitizer QuPh+–NA(OTf–) synthesis steps, where: (1) 2-Amino-N-methoxy-
N-methylbenzamide, (2) 1’-Naphtyl-2-aminobenzophenone, (3) 2-Phenyl-4-(1-naphtyl) 
quinolone and (4) 2-Phenyl-4-(1-naphtyl)quinolinium triflate. 
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3.3.Preparation of ruthenium(0) nanoparticles capped with 4-
phenylpyridine (Ru4-PPNPs) 
 
The metallic ruthenium nanoparticles were prepared following the procedure adopted 
by the group of Prof. Dr. Xavier Sala Roman (Fig. 96), described in their published work by 
Creus et al.[130] The method used was based on the decomposition of the organometallic 
complex [Ru(COD)(COT)] in a Fischer-Porter reaction flask under a hydrogen atmosphere 
with 3 Bar pressure, using 4-phenylpyridine as the stabilizing agent, which prevents 
agglomeration of nanoparticles. 
 
3.4.Preparation of ruthenium(0) nanoparticles impregnated onto titanium 
dioxide (Ru4-PPNP@TiO2) 
 
After the synthesis of metallic ruthenium nanoparticles, the Fischer-Porter reaction 
flask was carried to the glovebox and the Ru4-PPNPs suspension (2% wt.) was added to TiO2 
(P25) in a Schlenk flask, allowing to stir for 3 days. Finally, the solid was washed 3 times with 
hexane and dried on the vacuum line. 
 
 




For photocatalytic experiments, a similar assembly to that described in Chapter II, Topic 
4.9. was used. The main components are also similar, consisting of a catalyst (Ru4-
PPNPs@TiO2), a photosensitizer (QuPh+–NA) and, in this case, triethanolamine (TEOA) as 
the sacrificial electron donor (SED). Opposed to the photocatalytic OER, where a sacrificial 
electron acceptor (SEA) is necessary to absorb the electrons generated from the water 
oxidation half-reaction and to renew the catalytic cycle, in this case an electron supplier is 
required for the reduction half-reaction (2H+ + 2e–  H2). A general scheme for the electron 
transfer and catalyst activation promoted by the photosensitizer is shown in Fig. 97. 
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Figure 97  –  Electron transfer steps of the photocatalytic hydrogen evolution reaction. 
 
Briefly, the photosensitizer absorbs light and reaches an excited state (PS+  PS••+), 
which is followed by the formation of the -dimer radical cation (PS••+∙∙∙∙PS+). This dimer 
oxidizes the TEOA resulting in a radical (2PS•). Then, the injection of the electrons in the 
titanium dioxide conduction band (2PS•  TiO2|2e–) is finally followed by the Ru4-PPNPs 
activation for the proton reduction reaction (2H+ + 2e–  H2). The experiments were 
performed in a jacketed cell with a thermostated water bath maintained at 25 °C (Fig. 98), 
containing 4 mL of a 0.2 M TEOA aqueous solution at pH 7.4, 4 mg of Ru4-PPNP@TiO2 in 
suspension and 80 µL of a 0.2 mM QuPh+–NA solution in acetonitrile. In addition, the 
photocatalytic cell was properly positioned by pre-calibrating the Xe lamp to one sun unit 
(100 mW∙cm–2), using a calibration photodiode. 
 
 
Figure 98  –   Set-up of the photocatalytic HER experiment. 
 
Chapter  V I .  RuNPs@TiO 2   121  
At the end of each photocatalytic experiment, a calibration was performed, as shown 
in Fig. 99 and Fig. 100. 
 
 
Figure 99  – H2 sensor calibration. For calibration, successive additions of 50 L, 100 L, 150 
L, 200 L, 250 L, 300 L and 350 L of H2 using a precision Hamilton syringe were made. The 
mV response given by the sensor on the y-axis was plotted versus the amount of H2 added to 
construct the calibration curve shown in Fig. 100. 
 
 
Figure 100  –  Calibration curve for signal conversion in mV (sensor) to moL of H2. 
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4. RESULTS AND DISCUSSION 
 
The photosensitizer was successfully obtained with minor changes to the procedures 
described in the literature, with an overall yield of 12%. The 1H-NMRs of the products 
obtained in each step of the synthesis are shown from Fig. 101 to Fig. 104. For purification, 
the mobile phase of the column chromatography was modified from the ones reported in 
the literature in all steps, and the alterations are summarized as follows: 
 
Step 1: Instead of EtOAc:Hexane (1:1), only EtOAc was used. 
Step 2: Instead of CH3Cl, EtOAc:Hexane (5:1) was used. 
Step 3: Instead of CH3Cl, the column was performed with a gradient elution of 
Hexane:EtOAc (starting with pure Hexane and increasing polarity by 1%, 2.5%, 
5%, 7.5%,…).  
Step 4:  Instead of recrystallization with NaClO4, the final product was obtained as a 
triflate (OTf–) salt, by dissolving the crude product (300 mg) from the synthesis 
in 22 mL of a CH3CN:Et2O (1:10) mixture. The mixture was left on the refrigerator 
for 4 hours, followed by precipitation of a chartreuse-colored solid, that was 
filtered and washed 3 times with 10 mL of Et2O. 
 
 
Figure 101 –  1H-NMR spectrum in CDCl3 (250 MHz) of 2-Amino-N-methoxy-N-
methylbenzamide (1). 
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Figure 102 –  1H-NMR spectrum in CDCl3 (250 MHz) of 1’-Naphtyl-2-aminobenzophenone (2). 
 
 
Figure 103 –  1H-NMR spectrum in CDCl3 (250 MHz) of 2-Phenyl-4-(1-naphtyl)quinolone (3). 
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The spectral data from Fukuzumi’s paper shows some inconsistence from the ones 
reported here. For example, the integration of the protons assigned by Fukuzumi for the 2-
Phenyl-4-(1-naphthyl)quinolone results in a total of 18 protons, while here it is properly 
assigned as 17 protons. Additionally, no spectrum is shown in the original paper, only the 
data is available. 
 
 
Figure 104 –  1H-NMR spectrum in CDCl3 (400 MHz) of 2-Phenyl-4-(1-naphtyl)quinolinium (4). 
 
The results from transmission electron microscopy (TEM) of the synthesized 
ruthenium(0) nanoparticles are shown in Fig. 105-a and Fig. 105-b, whilst the TEM images of 
the Ru4-PPNPs impregnated onto TiO2 are shown in Fig. 105-c and Fig. 105-d. The average 
diameter of 2.13 (0.44) nm for the Ru4-PPNPs is in close agreement with the reported 
values.[130] ICP analysis established that Ru4-PPNPs@TiO2 contains 1.6% (m/m) of Ru. 
Finally, the Ru4-PPNPs@TiO2 system with the TEOA as an electron donor and the 
QuPh+–NA as photosensitizer was tested for photocatalytic hydrogen evolution reaction. 
Fig. 106 shows the production of approximately 30 mol of H2 over 5 hours resulting in a 
turnover frequency (TOF) of 6 mol∙h–1. The unsupported Ru4-PPNPs and the bare TiO2 
showed no significant photocatalytic activity. Moreover, the system is stable up to almost 60 
hours, when it is deactivated probably due to the detachment of Ru4-PPNPs from the TiO2. 
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Figure 105 –  TEM images a) Ru4-PPNPs, b) Ru4-PPNPs histogram, c) Ru4-PPNPs@TiO2 and d) 
magnified image of Ru4-PPNPs@TiO2. 
 
 
Figure 106 –  Time evolution of H2 production for the Ru4-PPNPs@TiO2 system. 
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Interest to notice that the Ru4-PPNPs@TiO2 with no PS showed the production of 
approximately 8 mol of H2 over 5 hours. This is caused by the absorption of UV light by 
TiO2, which increases electron injection on the catalyst. However, the production of H2 is 




In this Chapter, the synthesis of the photosensitizer 2-Phenyl-4-(1-naphthyl)quinolinium 
triflate, QuPh+–NA(OTf–) was described. Moreover, the mobile phase of all synthetic steps 
was improved to greener, and chlorine-free solvents, giving more consistent results with a 
faster separation and better yields. The product obtained as triflate salt showed improved 
solubility, making it possible to significantly decrease the amount of acetonitrile required for 
the photocatalytic experiments. Then, the immobilization of ruthenium nanoparticles 
stabilized by the 4-phenylpyridine ligand into titanium dioxide was successful using air-
sensitive techniques (vacuum line and glovebox). The obtained material (Ru4-PPNPs@TiO2) 
was characterized by TEM and ICP, showing the average size of 2.13 (0.44) nm for the 
ruthenium nanoparticles with a 1.6% Ru content. Finally, Ru4-PPNPs@TiO2 showed significant 
photocatalytic activity towards hydrogen evolution reaction, due to the synergistic 
combination of the components used. The system featured a TOF of 6 mol∙h–1 for H2 
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Chapter V 
 
General conclusions, main contributions and perspectives 
 
 
 Considering the general objectives described in Chapter I, and the results presented 
on Chapters II, III, and IV, the general goals have been successfully reached, aimed to 
contribute to the current literature. Additionally, the following concluding remarks on the 
PhD Thesis can be mentioned for each Chapter: 
 
Chapter II  
The results of Chapter II showed that the use of imidazole-containing ligands with 
dissociable proton resulted in an increase in photocatalytic activity for the oxidation of water 
to molecular oxygen. For the sequence of work, a point to be explored is the use of 
electrochemically triggered oxidative catalysis and foot of the wave analysis to obtain the 
TOFmax, so a proper comparison with the current literature can be traced. Moreover, 
chemically triggered oxidative catalysis with ceric ammonium nitrate and 18O labeling studies 
will give more information on the mechanistic aspects and intermediates, to better 
rationalize the effects of the imidazole group and dissociable protons on the catalytic 
activity. 
Nevertheless, the presented results from synthesis are a great contribution to the 
group, and open an opportunity for the continuation of the study of a systematic series of 
compounds whose synthesis and characterization are now been performed with great 
success thanks to the procedures described herein, and extended studies aiming at the 
detailed catalytic activity evaluation are still in progress in our laboratory. 
It is expected that once rationalized the role of imidazole ligands and dissociated 
protons in catalysis, future works can be focused on the preparation of catalysts as good as 
the state-of- the-art on ruthenium complexes. With the knowledge acquired, we intend to 
continue these studies with the design of more complex structures. For example, it was 
recently reported that replacing a pyridine with a pyrrole ring in the complex [Ru(tda)(py)2] 
(that is the best ruthenium catalyst reported so far) leads to an impressive TOF of 9,400 s–1 
at pH 7. This result makes the study of imidazole groups in this class of compounds 
particularly interesting and promising.[134] 
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Chapter III  
For copper complexes, additional experiments in operando jointing electrochemistry, 
spectroscopy and labeling studies are needed to determine the catalytically active species 
for the [(bpy)Cu(-OH)]22+ system. Our preliminary results suggest that the alternative 
pathways avoiding high oxidation states are possibly taking place, that motivates us with 
now ongoing studies using designed bridging ligands and systematic variations of 
counteranions to evaluate electrocatalytic performance. In-depth knowledge of the catalytic 
mechanism and identification of the active species is the key to lowering the overpotential 
and tuning catalytic activity, and is also important to identify possible catalyst deactivation 
pathways towards to viable water oxidation catalysts using cheap and abundant metal 
centers. Also, on the contrary to observed for ruthenium complexes, the presence of 
imidazole groups and dissociable protons do not influence the catalytic activity significantly, 
suggesting that changes on the -donor / -acceptor character and geometries of the 
ligand are much more important in this case. DFT calculations based on the proposed 
mechanism for [(bpy)Cu(-OH)]22+, evaluating the stability and relative energies of the 
presumed Cu2(-2:2-peroxido) intermediate species will help to understand the observed 
behavior. Our group has already started these theoretical studies and the results will appear 
in future publications 
 
Chapter IV  
Contrasting the previous chapters that dealt with homogeneous catalysts for oxygen 
evolution reaction, this chapter shows the outcomes of a research work on heterogeneous 
photocatalysis for hydrogen evolution reaction, developed at SelOxCat Group (UAB-Spain). 
The results showed that the incorporation of ruthenium nanoparticles capped with 4-
phenylpyridine (Ru4-PPNPs) onto titanium dioxide was successfully done, producing a 
material with 1.6% of Ru content and nanoparticles with an average size of 2.13 nm.  
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This material was photocatalytically tested for H2 production at pH 7.4 using TEOA as 
sacrificial electron donor and the 2-phenyl-4-(1-naphthyl)quinolinium ion (QuPh+–NA) as 
photosensitizer, displaying enhanced photocatalytic activity with high durability. However, 
the photocatalytic evaluation can be improved by performing tests using a UV filter, so that 
light harvesting and electron injection on the catalyst are done exclusively by the PS, 
allowing a fair study.  
In addition, there is still room for material improvement. The prepared triflate salt of 
the photosensitizer showed better solubility, but the use of acetonitrile was still necessary. 
This is a huge disadvantage as it is expected that H2 production is ideally done only with 
water and sunlight. Accordingly, ongoing studies at the Autonomous University of Barcelona 
(UAB), under the supervision of Prof. Dr. Xavier Sala aims to synthesize a phosphate 
functionalized QuPh+–NA, aiming to obtain a hybrid material that can solve solubility issues 




Finally, I believe that the task of mimicking the processes existing in nature is still very 
challenging, recognizing also that nature has had hundreds of thousands of years to carry 
out this process in an exceptionally efficient way. Thus, there is a long way to completely 
replace fossil fuels. Although turnover frequencies much higher than those observed in 
nature were reported, this results are obtained for electrocatalytic measurements in specific 
conditions. Moreover, these catalysts are generally based on noble metals and do not 
displays similar performance in photocatalysis, with the relatively fast deactivation as the 
major problem. Therefore, the main target of study now is on the preparation of materials 
based on cheaper abundant metals centers, with high stability and the same catalytic activity 
as those with noble metals, towards commercial application of photoelectrochemical cells 
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